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CHAPTER 1      
Introduction  
12 
1.1 Abstract 
The nanoscale morphology of the active layer in organic photovoltaic devices is 
critical to their performance. Blend morphologies can be manipulated by using a variety of 
additives, co-solvents and by thermal annealing. However, one crucial issue for any organic 
photovoltaic device is operational lifetime, which is largely dictated by changes in the active 
layer morphology. Such changes may be due to reordering of the polymer material, or 
diffusion and aggregation of fullerene derivatives to a more thermodynamically stable state. 
This reordered structure can potentially have detrimental effect by losses in interfacial surface 
area and an increase in exciton recombination. Many novel polymers are designed without 
this consideration and may be susceptible to this type of degradation. 
Herein, we explore a variety of approaches to stabilise the blend morphology, 
principally by the incorporation of various reaction functionalities onto the polymer 
backbone. The three main areas which have been investigated are; varying of acceptor 
strengths, chain end modifications with various crosslinking chemistries and thermally 
cleavable leaving groups. Firstly, poly(dithienogermole-benzothiadiazole) analogues are 
synthesised to investigate how changes to the acceptor strength of the D-A co-polymers will 
affect the bulk heterojunction morphology and polymer performance. Then the synthesis and 
functionalisation of benzotriazole in poly(cyclopentadithiophene-benzotriazole) with alkyl 
bromine crosslinking groups and thienopyrroledione in poly(dithienogermole-
thienopyrroledione), with both alkyl bromide & alkyl oxetane crosslinking groups was 
investigated. Further studies will investigate the effects on material and optoelectronic 
properties as well as device performance in OPV and suitability of additives with 
crosslinking. Lastly, we explore the incorporation of thermal cleavable BOC groups on 
thienopyrroledione, in poly(cyclopentadithiophene-thienopyrroledione), the deprotection of 
Boc in polymeric materials and its effects on material and optoelectronic properties. 
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1.2 Introduction 
1.2.1 Preface and Motivations 
At present, power generation is predominantly dependent on the burning of fossil 
fuels. Though carrying a high energy density, fossil fuels are a finite non-sustainable source 
of energy which produces pollutants such as carbon dioxide (CO2) and nitrous oxides (N2O) 
upon burning. Clearly, the use of fossil fuels can only be a short term solution for current 
energy demands. Therefore, the development of renewable energy production methods, such 
as wind and solar, is of great interest. The main motivation is to reduce the costs of energy 
production by these techniques, such that they are competitive to the burning of fossil fuels 
without large government subsidies.  
Solar energy is readily abundant with the potential to meet the world‟s energy 
demands.
[1,2]
 At present, silicon solar cells dominate the market for solar energy. These 
commercial inorganic solar cells are generally heavy, brittle and expensive and typically 
require high energy processing for device manufacture due to the extremely high purity 
required for these materials to work effectively. Solar energy needs to be cheaper and more 
widely accessible for the mass markets. One attractive solution is to use organic photovoltaics 
(OPV) because of its possible cost benefits, material requirements (thin films of ~100-200 nm 
required) and potential to be manufactured with existing large area role to role methods on 
flexible substrates. 
From figure 1.1, it is clear that the past decade has shown a strong growth for OPV. 
Though still in its research and development stage companies such as Heliatek have shown 
record efficiency of 12%, efficiencies comparable to other thin film technologies such as 
CIGS and amorphous silicon.
[3]
 Although only a laboratory scale device, less than 1 g of 
organic material is required for 1 m
2
 organic solar cell, which demonstrates this fields 
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growing potential. Similarly research by Yang and co-workers have produced efficiencies of 
over 10%
[4]
 with a semiconducting polymer:fullerene bulk heterojunction (BHJ) tandem cell 
and there have been many single junction devices which have seen efficiencies of upwards of 
7%.
[5–8]
 With such rapid progress, it is clear that OPV is undoubtedly a feasible route for low 
cost roll to roll processing and that we are closer than ever before to a more affordable and 
easily mass producible solar energy. 
 
Figure 1.1. NREL chart of best research-cell efficiencies
[9]
 
1.2.2 Semiconducting Polymers 
In 2000, the Nobel Prize in chemistry for the discovery and development of 
conductive polymers was awarded to Alan J. Heeger, Alan G. MacDiarmid and Hideki 
Shirakawa. Their insight into conductive polymers ultimately led to semiconducting 
polymers and instigated areas of research such as organic light emitting diodes (OLED), 
organic field effect transistors (OFET) and organic photovoltaics (OPV). The word organic 
depicts the use of carbon in the main framework of the semiconducting materials (polymeric 
15 
or small molecule). As shown in figure 1.2a), semiconducting polymers are polymers which 
contain conjugated alternating single and double bonds, allowing for the delocalisation of π 
electrons along the conjugated backbone.
[10]
 Long conjugation length is generally important 
for device properties and benefits the polymer by increasing orbital π orbital overlap and the 
number of degenerate energy levels. This narrows the band gap (Eg) by raising the HOMO 
and lowering the LUMO and helps by facilitating charge transport.
[11–13]
 However in 
polyacetylene, it is important to note the band gap does not become zero as the conjugation 
length increases, due to the Peierls distortion whereby the HOMO is stabilised further 
through shortening alternative conjugating bonds. 
Whilst high molecular weight is generally desirable for device properties, there can be 
practical limitations such as issues of poor solubility. The usual method to improve solubility 
is to increase the steric bulk or length of the alkyl solubilising chain, but this can have 
undesirable effects on film morphology, which is imperative to device performance. The size 
of the solubilising chain is very important to control, too short an alkyl chain and the polymer 
may become insoluble, whilst too long or bulky side chains can lead to ineffective mixing of 
polymer:fullerene blend films (i.e. separation). This compromise is sometimes difficult to 
gauge and more commonly it is necessary to use additives to manipulate the morphology to 
form a meta-stable phase and increase OPV performance. 
 
Figure 1.2. a) Conjugated polymers, b) quinoidal form (alkyl chains removed for clarity) 
16 
Polythiophenes have until recently been the benchmark for OPV devices and they are 
the most studied semiconducting polymer in the area of OPV. The most well-known being 
poly(3-hexylthiophene) (P3HT) which uses alkylated electron rich thiophenes arranged in a 
head to tail fashion. However, P3HT is prone to oxidation due to an inherent low ionisation 
potential. Because of this many new conjugated polymers have been developed to increase 
oxidative stability.
[14]
 Since there is only one monomer repeating unit in P3HT the 
delocalisation of the HOMO and LUMO are relatively evenly spread across the conjugated 
backbone. A common design motif is the donor-acceptor approach (D-A) in which electron 
rich (D) and electron poor (A) monomers are co-polymerised. Hybridisation of the molecular 
orbitals between the donor and acceptor co-monomers, to give a newly formed hybridised 
HOMO and LUMO orbital.
[11–13]
 The hybridisation leads to localisation of the LUMO 
typically on the acceptor co-monomer and also a further reduction of the band gap, 
[15]
 as 
shown in figure 1.3. This reduction creates a shift to longer wavelength also known as a 
bathochromic or red shift in the UV-Vis absorption and usually results in better absorption 
overlap with the blackbody radiation from the Sun, as compared to polythiophenes 
alone.
[16,17]
 Computational density functional theory (DFT) calculations can be used to predict 
the relative strength of the D-A polarisation. 
 
Figure 1.3. HOMO-LUMO molecular orbital energy diagram of a D-A hybridisation 
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The design and synthesis of many new monomers are templated around fused 5 or 6 
membered aromatic rings such as thiophene or benzene, and the properties of the material can 
be adjusted or influenced by addition of electron donating or withdrawing atoms (such as 
nitrogen). The band gap of the polymer is the difference between the HOMO and LUMO, 
and changes to the chemical structure affect both levels. Those that stabilise the LUMO can 
be thought to increase the quinoidal character of the polymer, which is the excited state where 
redistribution of electron density results in bond length variation as shown in figure 1.2b). 
Conversely chemical strategies which promote the quinoidal character, result in a low-lying 
LUMO level. The classic example was to append a cyclic butadiene to the 3,4-positions of 
thiophene (figure 1.4.). Assuming the quinoidal form results in aromatisation of the appended 
ring, and therefore provides a strong driving force.
[11]
  
 
Figure 1.4. 2-Benzothiophene and the progression of bithiophene (BT) to cyclopentadithiophene 
(CPDT) to dithienosilole (DTS) and dithienogermole (DTG) 
When designing new monomers it is important to take into account the planarity of 
the resulting polymer. As show in figure 1.4, an increased torsion angle between monomer 
units will break conjugation thus increasing the band gap. It is possible to increase the 
number of fused aromatic rings to benefit π stacking and planarity. These monomers are 
synthetically more challenging and typically lower yielding due to the increased number of 
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reaction steps required.
[8]
 A commonly employed solution is to fix the planarity by use of a 
bridging atom. This increases conjugation length and also helps to extrude away the alkyl 
chains from the carbon backbone.
[18]
 The choice of bridging atom plays a key role in the 
polymer properties. For example, co-polymers of both dithienosilole (DTS) and 
dithienogermole (DTG) with 2,1,3-benzothiadiazole (BT) have been shown to outperform the 
analogous cyclopentadithiophene (CPDT) polymer in OPV devices. This has been shown to 
be due to a variety of factors. The inclusion of the silicon (Si) or germanium (Ge) heteroatom 
results in a reduction in band gap, primarily due to stabilisation of the LUMO. The LUMO 
stabilisation is attributed to interactions between π* orbital of the bithiophene and the σ* 
orbital of the heteroatom.
[19]
 A second important affect is that the larger bond length of Ge-
carbon (C) (1.96 Å) and Si-C (1.88 Å), compared to C-C (1.54 Å) changes the geometry of 
the bridged thiophene ring subtly. This is believed to relieve the steric hindrance between the 
alkyl solubilising groups on the bridging heteroatom and adjacent monomer units by 
extruding away the alkyl chains from the conjugated backbone. This results in an increase in 
crystallinity for both the DTS and DTG co-polymers compared to the CPDT co-polymer, 
which is amorphous.
[18,20]
 The improved crystallinity appears to correlate with improved OPV 
device performance. An important difference between DTS and DTG relates to their 
chemical stability to base, which is important since Suzuki polymerisation (a polymerisation 
method of choice) requires the use of basic conditions. The difference can be related to 
differences in the polarisation of the C-Si and C-Ge bond. Though Si and Ge have similar 
size, the electronegativity of Ge is closer to C due to the d-block contraction (or „scandide‟ 
contraction), which is not present in Si. As a result there is an increased polarisation between 
Si-C than Ge-C making Si-C bond more reactive and susceptible to bases.
[18,19]
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1.2.3 Cross-Coupling and Polymerisation 
In the early 1980s, the first oxidative chemical and electrochemical synthesis of 
polythiophenes was discovered.
[21]
 It wasn‟t until 1992 when McCullough and co-workers 
synthesised the first regio-enriched poly(3-alkylthiophenes) (P3AT) by Kumada Corriu cross-
coupling of a regio-selectively formed Grignard monomer.
[22]
 The importance of 
regioregularity in P3AT became evident when comparing the enhanced conductivities and 
difference in material properties. Since then many cross-coupling chemistries have been 
developed for polymer synthesis (scheme 1.1 and table 1.1).  
 
Scheme 1.1. General transition metal cross coupling catalytic cycle and reaction scheme 
Table 1.1. Cross-coupling reaction conditions 
Coupling Reaction Y X Catalyst M(0)) 
Kumada Corriu Magnesium I>Br>OTf>Cl Ni, Pd, Fe 
Suzuki Miyaura Boron I>Br>OTf>Cl Pd 
Stille Tin I>Br>OTf>Cl Pd 
Negishi Zinc I>Br>OTf>Cl Pd 
Sonogashira Alkyne I>Br>OTf>Cl Pd, Cu 
 
These are just some of well-known cross coupling methods and within this thesis we 
will be primarily using microwave assisted Stille coupling due to its main advantages of high 
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reactivity and good compatibility with electron rich aromatics, such as thiophene.
[23]
 These 
traits are ideal for the monomers and different reactive functionalities which will be used in 
our polymers throughout this thesis. However, there are disadvantages to Stille cross-
coupling such as the use of volatile trimethylstannyl chloride and the high toxicity of 
organotin molecules. Thus the use of Stille cross-coupling will require special precautionary 
steps which make for difficult handling.
[24,25]
 
As shown in table 1.1, palladium (Pd) catalysed cross-coupling is the most favoured 
for the majority of the named reactions above. In palladium cross-coupling, the palladium, in 
its zero oxidation state, undergoes oxidative addition followed by transmetallation, trans-cis 
isomerisation and finally reductive elimination (scheme 1.1).
[26–28]
 When synthesising 
polymers it is important to consider the effects of impurities and stoichiometry of the 
monomers, catalysts and ligands. The Carothers equation sums up these effects in step 
growth polymerisation, and their relationship with the degree of polymerisation. In order to 
obtain high molecular weight polymers, monomer purity must be high and stoichiometry 
must be accurately calculated and measured. Other factors such as catalyst loading and 
lifetime, and solvent also play key roles on the outcome of the degree of polymerisation, and 
optimisation studies in literature have produced high molecular weight polymers by altering 
these variables.
[29]
 Cross-coupling of aromatic monomers is an invaluable way of making 
semiconducting polymeric material and some of the highest performing OPV devices to date 
would not have been possible without it.  
1.2.4 Fabrication, Characterisation and Properties of Organic Photovoltaic Devices 
OPV device structures for a single bulk heterojunction (BHJ) come in two main 
varieties; normal and inverted. Figure 1.5 shows a schematic diagram of a bottom up 
approach for OPV fabrication. In both cases Glass/Indium Tin Oxide (ITO) is used as the 
21 
transparent electrode. Typically PEDOT:PSS & BHJ (normal) or Zinc Oxide (ZnO) & BHJ 
(inverted) is then spin coated, and the top two layers are finally vacuum deposited. Normal 
device architectures often use calcium which is a low work function metal and easily oxidised 
causing device degradation. Inverted structures have recently become more common within 
OPV research and have been known to exhibit longer device lifetimes due to higher oxygen 
stability in the electrode materials used and in some cases better energetic alignment of 
materials.
[30]
 Multilayer solution processing is possible due to the use of orthogonal solvents 
and selective solubilities of polymers e.g. the first deposited layer in OPV is typically water 
soluble (PEDOT:PSS) and the second layer being organic solvent soluble. These structures 
can be further developed into more complicated tandem devices. These devices use two 
complementary BHJ layers to boost the open circuit voltage (Voc) and increase the overall 
power conversion efficiency (PCE).
[31]
  
 
Figure 1.5. Schematic diagrams of normal (left) and inverted (right) OPV device structures 
1.2.5 Bulk Heterojunction Devices 
The BHJ, also known as the active layer, is made up of a donor material, typically a 
semiconducting polymer and an acceptor, often a fullerene derivative. Films are usually 
deposited from solution to give typical layer thicknesses of 80-150 nm. The morphology of 
this polymer:fullerene blend has been shown to be critical to device performance. As shown 
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in figure 1.6, the ideal morphology is thought to be interdigitated or interlocked layers (~5-10 
nm thick) of the polymer and fullerene. This interdigitation is believed to promote exciton 
splitting and provides a percolation network for charge transport. However, current 
deposition methods result in the formation of intermixed blends. A mixture or blend of 
semiconducting polymer and fullerene is used to overcome some of the limitations of the 
short exciton diffusion length (~10 nm) by decreasing the distance for an exciton to travel to 
reach an interface.
[32–36]
 In comparison to the bilayer morphology, there is a great increase in 
the overall interfacial surface area between the polymer and fullerene, thus facilitating charge 
separation. The morphology of the blend is dictated by both the materials and the processing 
techniques used and often processing techniques require further optimisation because of poor 
percolation pathways or large domains from poor mixing in the film. Some common methods 
employed to change film morphology is the use of high boiling solvent additives such as 1,8-
diiodooctane (DIO) 1-chloronaphthalene (CN) and 1,8-octanedithiol (ODT) as well as 
thermal and solvent annealing.
[37,38]
 
 
Figure 1.6.Three different morphological structures: (left) bilayer, (middle) blend, (right) 
interdigitated, red represents the fullerene and green represents the semiconducting polymer 
1.2.6 Photo-Charge Generation and Photo-Physics 
The photo-charge generation occurs in active layer when a photon, with greater 
energy than the polymer band gap, is absorbed. This excites an electron from the HOMO to 
the LUMO, before relaxing into a meta stable state. This energetically more excited state is 
called an exciton.
[17]
 An exciton is a bound electron-hole pair which is electrically neutral and 
held together by Coulombic forces and is not yet a free charge. The properties of excitons are 
Bilayer Blend Interdigitated
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determined by the intrinsic properties of the polymer:fullerene materials as well as film 
morphology. One variable for describing these properties is the dielectric constant and in 
general organic materials, which are used for OPV, have a low dielectric constant (~2.2-4.5). 
Low dielectric constants give rise to tightly bound electron-hole pairs which are less easily 
dissociated into free polarons.
[17]
 To produce useful energy the exciton must overcome the 
Coulombic attraction (exciton binding energy) to create free charge carriers. As shown in 
figure 1.7, excitons which are formed near the interface can diffuse to the polymer fullerene 
interface, where the fullerene acts as an energy cascade for excitons to charge separate. The 
electron, in the electrostatically bound electron-hole pair of the exciton, is then able to charge 
transfer onto the LUMO of the fullerene and the hole remains in the HOMO of the polymer, 
resulting in a radical or geminate pair. Geminate pairs then further dissociates into free 
charge carriers. Once dissociated, the electron and hole polarons are able to move by 
diffusion, drift and other charge hopping processes to its respective electrode to generate 
current.
[10,14,17]
  
Excitons in organic semiconductors have extremely short lifetimes and can decay via 
a radiative and non-radiative process.
[17]
 Efficient energy transduction is thus needed to 
achieve efficient separation of the exciton which is largely dictated by the intrinsic properties 
of the materials, the macroscopic phase structure and the percolation networks available for 
charge transport. Referring back to figure 1.6, blends have an increased interfacial surface 
area compared to that of the bilayer but decreased to that of the ideal interdigitated system. 
This lack of structure can facilitate photo-charge loss mechanisms such as recombination. 
Recombination is certainly a big issue for any solar cell device and can occur via geminate or 
bimolecular processes. In geminate recombination the newly formed electron-hole pair are 
still in close proximity and it is the reaction of these two transient species that results in 
recombination and loss of charge. Bimolecular recombination of free charge carriers can also 
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be prominent if percolation pathways are not available or if charge extraction rate is too slow. 
There are many other variables which are critical to the charge generation process such as 
charge transfer mechanisms (radiative and non-radiative processes), diffusion and drift of 
electron and holes, triplet excitons, thermal relaxation, intersystem crossing but will not be 
discussed as it is beyond the scope of this thesis.
[17]
 
 
Figure 1.7. Simplified photo-charge generation diagram 1) electron excitation from light absorption, 
2) exciton formation and diffusion to D-A interface, 3) exciton dissociation into geminate pair, 4) 
further dissociation of geminate pair into free electron and hole polarons 
1.2.7 OPV Measurements and Quantum Efficiency 
Once fabricated, OPV devices are tested against a sequence of voltage biases 
(typically -1.5 V to +1.5 V) in the dark and light (AM 1.5 solar illumination at an intensity of 
100 mW cm
-2
) and their current density measured. This gives us a plot (example shown in 
figure 1.8) called a J-V curve, from which a list of different properties can be extracted: Short 
Circuit Current (Jsc), Open Circuit Voltage (Voc), Fill Factor (FF), Max Power (Pmax), Current 
at PMax (Jmax), Voltage at Pmax (Vmax) and Power Conversion Efficiency (PCE).  
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Figure 1.8. Typical J-V curve of an OPV device (left) and equations to describe PCE (right) 
The overall PCE can be described by the amount of power being produced on 
excitation with light divided by the amount of photon energy falling onto the device. PCE of 
high performing OPV devices can range from 5-8% with Jscs typically ranging from 10-20 
mA cm
-2
, Vocs of 0.6-1 V and FF of 0.5-0.7. Fill Factor is the ratio of the actual power against 
the theoretical maximum power. Jsc is the current when 0 V is applied and is often highly 
dependent on blend morphology and the range of light absorption (i.e. more light absorption 
higher current). Voc is the voltage at which there is 0 mA of current. This is less to do with the 
morphology but is related to the energy gap between the HOMO of the donor polymer and 
LUMO of the fullerene acceptor, though it has been shown that there are other impeding 
variables.
[39]
 Other useful properties such as series and shunt resistance may also be extracted 
from the J-V curve which helps describe the impact or origin of parasitic loss. A low shunt 
resistance can result in a diminished overall power output and is usually due to the loss of 
light generated current by alternate current pathway in the device (leakage) typically resulting 
in a loss of voltage too. A high series resistance may occur due to poor contact of interfaces 
such as PEDOT:PSS with the BHJ or the BHJ with the LiF/Al electrode. This resistance will 
mainly reduce the FF of the J-V output and not affect the Jsc unless very high. Ideally, an 
OPV device should give a J-V output with a very high shunt resistance and very low series 
resistance to give a diode type behaviour and increased FF. 
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Quantum efficiency is a ratio used to describe the number of charge generated carriers 
in an OPV device relative to the incident number of photons at a given wavelength. In an 
ideal situation, the incident number of photons would match your charge carrier generation 
and thus be given a ratio of one for all visible spectrum wavelengths. However, practically 
this can never be the case due to decay of excitons and recombination losses of photo-
generated charges as described earlier. For high efficiency devices the optical absorption of 
both the polymer and fullerene blend should match with the solar spectral irradiance and 
charges must be easily extracted. This can be achieved by tuning the band gap by changing 
the chemical structure as described earlier. As a result, this would help maximise the number 
of charge carriers formed by utilisation of the whole solar spectrum. Throughout this thesis 
the “external” quantum efficiency will be used explicitly as this method includes factors such 
as reflection and transmission optical losses. 
1.3 Aims 
It is clear that research into OPV is heavily dictated by novel donor polymers for D-A 
polymers. Little research has been done to explore interesting new methods for controlling 
and stabilising the morphology by the introduction of reactive functionality for post 
deposition modifications. This thesis aims to explain the strengths and weaknesses in this 
area and will focus on the fundamental understanding of the synthesis of these materials, 
material properties, optoelectronic and photovoltaic properties of: polymers with varying 
degrees of acceptor co-monomer strength with minimal structural changes, the effects of 
chain end modification with a selection of crosslinkable groups (radical initiated bromine and 
cationic initiated oxetane) with the aim of stabilising the morphology, and the use of 
thermally cleavable BOC groups for enhanced bonding between the polymer chains and 
solvent intractability. 
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CHAPTER 2     
Experimental Procedures  
30 
2.1 General Procedures 
All reactions were treated as air and light sensitive and performed under argon and in 
the dark. All glassware used were washed using teepol surfactant, rinsing with excess water, 
acetone and dichloromethane and dried in an oven at 120 °C. All solvents and reagents were 
sourced commercially from Aldrich. 
1
H and 
13
C NMR spectra were recorded on a Bruker 
AV-400 (400 MHz for 
1
H and 100 MHz for 
13
C) unless otherwise stated, using the 
residual solvent resonance of CDCl3 as an internal reference. Number-average (Mn) and 
weight-average (Mw) molecular weight were determined by Agilent Technologies 1200 
series GPC running in chlorobenzene at 80 °C, using two PL mixed columns in series and 
calibrated against narrow polydispersity polystyrene standards. Electrospray mass 
spectrometry was performed with a Thermo Electron Corporation DSQII mass spectrometer. 
UV-Vis spectra were recorded on a UV-1601 Shimadzu UV-Vis spectrometer. Flash 
chromatography was performed on silica gel (Merck Kieselgel 60 F254 230–400 mesh). A 
custom build Shimadzu recSEC system was used to fractionate the polymers (chlorobenzene 
at 80 °C) and purify the tin monomer (hexane at 40 °C). The system comprises of a DGU-
20A3 degasser, a LC-20A pump, a CTO-20A column oven, an Agilent PLgel 10 μm 
MIXED-D column and a SPD-20A UV detector. Photo electron spectroscopy in air (PESA) 
measurements were recorded with a Riken Keiki AC-2 PESA spectrometer with a power 
setting of 5 nW and a power number of 0.5. Samples for PESA were prepared on glass 
substrates by spin coating. Data reported is the average of 2 separate thin film measurements 
for pristine samples, and 2 films for blend samples. X-ray diffraction (XRD) measurements 
were performed on the PANALYTICAL X′ PERT-PRO MRD diffractometer equipped with 
nickel-filtered Cu K1 beam and X′ CELERATOR detector, using current I = 40 mA and 
accelerating voltage V = 40 kV. Samples were prepared by drop casting. 
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2.2 OPV General Procedures 
The conventional devices were fabricated using the structure of 
Glass/ITO/PEDOT:PSS (30-40 nm)/active layer (80-90 nm)/LiF (1 nm)/Al (100 nm). For 
inverted device architecture it was Glass/ITO/ZnO (~30 nm)/active layer (80-90 nm)/MoO3 
(10 nm)/Ag (100 nm). Indium tin oxide (ITO) coated glass was first cleaned using via 
sequential sonication in detergent (Mucasol), water (DI), acetone, isopropanol and then dried 
using nitrogen and finally plasma cleaned (228 mtorr 2 min). 30-40 nm of 
poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Baytron P TP AI 4083, 
Bayer AG) was then deposited via spin coating and dried at 150 ˚C for 20 min. Additives and 
n-type material (PC70BM purchased from nano-c) were added to a 12 mg mL
-1
 polymer 
solution and stirred overnight. The following blend solution was then spin coated to a 
thickness of approximately 80-90 nm. LiF (1 nm) was then thermally deposited followed by 
Al (120 nm) under high vacuum (1×10-6 mbar). The device area was 0.045 cm2 in both cases. 
OPVs were characterized using a Xenon lamp at AM1.5 solar illumination (Oriel 300 W 
solar simulator). Incident photon conversion efficiency (IPCE) measurements were made 
using a 100 W tungsten halogen lamp (Bentham IL1 with Bentham 605 stabilized current 
power supply) coupled to a monochromator and a computer-controlled stepper motor 
(Bentham M300, 300 mm focal length, slit width 3.7 nm, 1800 lines/m grating). The photon 
flux of light incident to the samples was calibrated using a UV-enhanced silicon photodiode. 
A 590 nm long-pass glass filter was inserted into the beam at illumination wavelengths longer 
than 620 nm to remove light from second-order diffraction. Photocurrent was measured using 
a Keithley 2400 source meter; Measurement duration for a given wavelength was sufficient 
to ensure the current had stabilized (up to around 5 s under low or zero bias light conditions). 
All electrical measurements of OPVs were executed in the inert N2 purged devices chamber. 
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2.3 Chapter 3 
The synthesis of 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine, 4,7-dibromo-5,6-
difluorobenzo[c][1,2,5]thiadiazole, 4,7-dibromo-2-octyl-2H-benzo[d][1,2,3]triazole and 4,4-
bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene were 
performed according to the previously reported literature.
[1–5]
 
2.3.1 3,3',5,5'-Tetrabromo-2,2'-bithiophene 
 
2,2'-Bithiophene (9.5 g, 57.1 mmol) was dissolved in a mixture of chloroform (200 
mL) and acetic acid (60 mL). Bromine (41.1 g, 13.25 mL, 257 mmol) was diluted in 
chloroform (50 mL) and added dropwise before being refluxed overnight. The reaction was 
cooled to RT before diluting with chloroform and washing with water (excess) and saturated 
sodium thiosulphate solution (150 mL). The organic layer was dried (MgSO4), filtered and 
concentrated under reduced pressure. The residue was recrystallised (ethanol) to afford a 
white crystalline solid (27 g, 56.0 mmol, 98% yield). 
1
H NMR (400 MHz, CDCl3) δ 7.08 (s, 
2H). 
2.3.2 (3,3'-Dibromo-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylsilane) 
 
3,3',5,5'-Tetrabromo-2,2'-bithiophene (7.54 g, 15.65 mmol) was dissolved in dry THF 
(250 mL) and cooled to -110 °C. n-Butyl lithium (2.5 M, 12.52 mL 31.3 mmol) was added 
slowly dropwise maintaining temperatures below <-110 °C and left to stir for 1 hr at -110 °C. 
After which trimethylsilyl chloride (4.82 mL, 4.10 g, 37.7 mmol) was added and the reaction 
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left to reach RT without a cooling bath. The reaction mixture was diluted with diethyl ether 
(~250 mL) and washed with water (excess), before being dried (MgSO4), filtered and 
concentrated under reduced pressure to afford an orange crystalline solid. The residue was 
purified by column chromatography over silica (eluent: hexane) to afford a white crystalline 
solid (6.92 g, 14.77 mmol, 94 %).
 1
H NMR (400 MHz, CDCl3) δ 7.17 (s, 2H), 0.36 (s, 18H). 
2.3.3 Dichlorobis(2-ethylhexyl)germane 
 
To a solution of germanium tetrachloride (21.45 g, 100 mmol) in THF (200 mL) at 0 
°C (2-ethylhexyl)magnesium bromide (1 M in THF, 200 mL, 200 mmol) was added 
dropwise. The reaction was allowed to warm to RT before stirring overnight. Hexane (400 
mL) was added and the resultant white precipitate was removed by filtered. The filtrate was 
concentrated under reduced pressure, and the residue was purified by vacuum distillation 
(145 °C, 3×10
-1
 mbar) to afford a colourless oil (24.42 g, 66.0 mmol, 66% yield). 
1
H NMR 
(400 MHz, CDCl3) δ 1.87 – 1.78 (m, 2H), 1.77 – 1.70 (m, 2H), 1.69 – 1.62 (m, 2H), 1.49 – 
1.25 (m, 16H), 0.97 – 0.88 (m, 12H). 
2.3.4 (4,4-Bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-
diyl)bis(trimethylsilane) 
 
(3,3'-Dibromo-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylsilane) (20 g, 42.7 mmol) was 
dissolved in dry THF (150 mL) and cooled to -78 °C. n-Butyl lithium solution (2.5 M in 
THF, 37.6 mL, 94 mmol) was then added dropwise and the reaction left to stir for 1 hr at -78 
°C .Dichlorobis(2-ethylhexyl)germane (17.8 g, 48.1 mmol) was added and allowed to warm 
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to RT overnight in a cooling bath. The reaction mixture was diluted with hexane (~200 mL) 
and washed with water (3×150 mL) before being dried (MgSO4) filtered and concentrated 
under reduced pressure. The residue was purified by column chromatography over silica 
(eluent: hexane) to afford a colourless oil (16.87 g, 27.8 mmol, 65 % yield). 
1
H NMR (400 
MHz, CDCl3) δ 7.14 (s, J = 4.1, 2H), 1.53 – 1.43 (m, 2H), 1.37 – 1.14 (m, 20H), 0.89 – 0.75 
(m, 12H), 0.37 – 0.30 (m, 18H). 
2.3.5 4,4-Bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene (DTG) 
 
To a stirred solution of (4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-
2,6-diyl)bis(trimethylsilane) (25.81 g, 42.5 mmol) in diethyl ether (800 mL) at RT, conc HCl 
(30 mL) in methanol (270 mL) was added. After 30 min the reaction was monitored by thin 
film chromatography on silica (eluent: hexane). Once the reaction had completed, water (500 
mL) was added and extracted with hexane (~300 mL). The organic layer was then dried 
(MgSO4), filtered and concentrated under reduced pressure. The residue was purified by 
column chromatography over silica (eluent: hexane) to afford a colourless oil (11.0 g 23.74 
mmol, 56% yield).
 1
H NMR (400 MHz, CDCl3) δ 7.22 (d, J = 4.7, 2H), 7.06 (d, J = 4.7, 2H), 
1.53 – 1.44 (m, 2H), 1.31 – 1.13 (m, 20H), 0.88 – 0.76 (m, 12H); 13C NMR (101 MHz, 
CDCl3) δ 129.77, 124.68, 36.95, 35.44, 28.94, 28.65, 22.98, 20.63, 14.11, 10.83. 
2.3.6 4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-
b']dithiophene (DTG-Sn2) 
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To a solution of 4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene (2 g, 4.31 
mmol) in dry THF (70 mL) at -78 °C, n-butyl lithium (2.5 M in hexane, 6.9 mL, 17.24 mmol) 
was added dropwise. The reaction was allowed to warm to -10 °C and stirred 2 hr at this 
temperature. After which time the reaction was cooled to -78 °C and trimethyltin chloride 
solution (1 M in hexane, 21.55 mL, 21.55 mmol) was added. The reaction was allowed to 
reach RT without a cooling bath. The reaction mixture was then diluted with hexane (250 
mL) and washed with water (2×150 mL) and acetonitrile (2×150 mL), dried (MgSO4), 
filtered and concentrated under reduced pressure to afford a pale yellow oil (2.0 g, 2.54 
mmol, 59% yield). 
1
H NMR (400 MHz, CDCl3) δ 7.09 (s, 2H), 1.55 – 1.46 (m, 2H), 1.37 – 
1.14 (m, 20H), 0.88 – 0.78 (m, 12H), 0.48 – 0.30 (m, 18H). 
2.3.7 2,5-Dibromopyridine-3,4-diamine 
 
Pyridine-3,4-diamine (20 g, 183 mmol) was dissolved in conc. hydrobromic acid 
(48% aqueous, 255 mL) and stirred at RT. Bromine (95 g, 30.5 mL, 592 mmol) was added 
dropwise to the reaction mixture before being refluxed overnight. The reaction was cooled to 
RT and the resultant precipitate was filtered and rinsed with saturated sodium thiosulphate 
solution (~100 mL) and water (~100 mL). The precipitate was then refluxed in a solution of 
aqueous sodium carbonate solution (10 wt%) for 30 min before being filtered to afford an off 
white solid. The residual solid was purified by column chromatography over silica (eluent: 
ethyl acetate:hexane (60:40)), recrystallised (methanol) and dried under vacuum over 2 day to 
afford a white crystalline solid (18.64 g, 69.8 mmol, 38% yield).
 1
H NMR (400 MHz, CDCl3) 
δ 7.89 (s, 1H), 4.63 (br, 2H), 3.65 (br, 2H). 
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2.3.8 4,7-Dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine (PT) 
 
2,5-Dibromopyridine-3,4-diamine (12.43 g, 46.6 mmol) was dissolved in pyridine 
(100 mL) and cooled to 0 °C. Thionyl chloride (8.15 g, 5 mL, 68.5 mmol) was added 
dropwise and left to stir for 2 hr at 0 °C. The reaction mixture was poured into water (500 
mL), and an orange precipitate was filtered and washed with water (~500 mL) and methanol 
(~100 mL). The precipitate was purified by column chromatography over silica (eluent: 
chloroform) and recrystallised (methanol) to afford a white crystalline solid (5.29 g, 17.93 
mmol, 39% yield).
 1
H NMR (400 MHz, CDCl3) δ 8.57 (s, J = 2.7, 1H). 
2.3.9 Poly[(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-
([1,2,5]thiadiazolo[3,4-c]pyridine) (PDTG-PT) 
 
4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene 
(1.010 g, 1.28 mmol) was weighed into a pre-dried microwave vial. 4,7-Dibromo-
[1,2,5]thiadiazolo[3,4-c]pyridine (377 mg, 1.28 mmol) and Pd(PPh3)4 (37 mg, 0.032 mmol) 
were added. The microwave vial was capped and degassed with argon and vacuum (×3). 
Chlorobenzene (9 mL) was added and the mixture further degassed with stirring for 30 min. 
The resulting solution was then heated in the microwave reactor (constant heating mode) at 
100 °C (2 min), 120 °C (5 min), 140 °C (5 min), 160 °C (5 min) and 180 °C (40 min). The 
reaction was cooled to 50°C and then precipitated into methanol before filtering into a 
cellulose thimble. Lower molecular weight fractions were removed via Soxhlet extraction 
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with methanol (1 day), acetone (1 day), hexane (1 day) and extracted with chloroform (3 hr) 
before being concentrated and dried under vacuum. The mass before fractionation was 492.5 
mg (61% yield). The polymer was then fractionated using preparative GPC (eluent: 
chlorobenzene). Fractions of similar molecular weights were combined, concentrated under 
reduced pressure and precipitated into methanol to afford a black solid (56.5 mg, 7% yield). 
1
H NMR (400 MHz, CDCl3, 40°C) δ 8.95 – 7.75 (m, 3H), 2.04 – 0.74 (m, 34H); GPC 
(chlorobenzene, 80 °C) Mn = 24,000 g/mol, Mw = 33,000 g/mol and PD = 1.36. 
2.3.10 Poly[(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(2-octyl-
2H-benzo[d][1,2,3]triazole)] (PDTG-BTz) 
 
Following the method reported above, 4,4-bis(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene (302.3 mg, 0.383 mmol), 4,7-
dibromo-2-octyl-2H-benzo[d][1,2,3]triazole (149 mg, 0.383 mmol), chlorobenzene (2 mL) 
and Pd(PPh3)4 (11.1 mg 9.58 μmol) were reacted together. Following work-up and 
precipitation, impurities and oligomers of the crude polymer were removed via Soxhlet 
extraction with methanol (1 day), acetone (1 day), hexane (1 day) and extracted with 
chloroform (3 hr). The polymer from the chloroform fraction was then fractionated using 
preparative GPC (eluent: chlorobenzene). Fractions of similar molecular weights were 
combined, concentrated down under reduced pressure and precipitated into methanol to 
afford a black solid (42.1 mg, 15% yield). 
1
H NMR (400 MHz, CDCl3) δ 8.16 (s, 2H), 7.67 
(s, 2H), 4.89 (s, 2H), 2.29 (s, 2H), 1.66 (s, 2H), 1.55 – 1.23 (m, 30H), 0.89 (m, 15H); GPC 
(chlorobenzene, 80 °C) Mn = 23,000 g/mol, Mw = 27,000 g/mol and PD = 1.16.  
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2.3.11 Poly[(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5,6-
difluorobenzo[c][1,2,5]thiadiazole)] (PDTG-DFBT) 
 
Following the method reported above, 4,4-bis(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene (302.2 mg, 0.383 mmol), 4,7-
dibromo-5,6-difluorobenzo[c][1,2,5]thiadiazole (126 mg, 0.383 mmol), chlorobenzene (2 
mL) and Pd(PPh3)4 (11.1 mg, 9.58 μmol) were reacted together. Following work-up and 
precipitation, impurities and oligomers of the crude polymer were removed via Soxhlet 
extraction with methanol (1 day), acetone (1 day), hexane (1 day) and chloroform (3 hr). Due 
to low solubility the crude polymer was further extracted with chlorobenzene before being 
concentrated under reduced pressure and precipitated into methanol to afford a black solid 
(36.3 mg, 15% yield). 
1
H NMR (400 MHz, CDCl3) δ 8.39 (s, 2H), 2.01–0.74 (broad, 36H); 
GPC (chlorobenzene, 80 °C) Mn = 8,000 g/mol, Mw = 11,000 g/mol and PD = 1.51. 
2.3.12 4,4'-(4,4-Bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-
diyl)bis(7-bromo-[1,2,5]thiadiazolo[3,4-c]pyridine) 
 
4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene 
(0.626 g, 0.793 mmol) was weighed into a pre-dried microwave vial. 4,7-Dibromo-
[1,2,5]thiadiazolo[3,4-c]pyridine (0.468 g, 1.587 mmol) and Pd(PPh3)4 (92 mg, 0.079 mmol) 
were added. The microwave vial was capped and degassed with argon and vacuum (×3). 
Chlorobenzene (5 mL) was added and the mixture further degassed with stirring for 30 min. 
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The resulting solution was then heated in the microwave reactor (constant heating mode) at 
100 °C (2 min), 120 °C (5 min), 140 °C (5 min), 160 °C (5 min) and 180 °C (40 min). The 
reaction was cooled to 50°C and then diluted with chloroform (~50 mL) and washed with 
water (2×100 mL). The resulting organic layer was dried (MgSO4), filtered and concentrated 
under reduced pressure. The solid residue was purified by column chromatography over silica 
(eluent: chloroform:hexane (1:1)) to afford a purple crystalline solid (559 mg, 0.627 mmol, 
79% yield). Mp 194.0-194.2 °C; 
1
H NMR (400 MHz, CDCl3) δ 8.76 (m, J = 2.1, 2H), 8.64 (s, 
2H), 1.67 – 1.58 (m, 2H), 1.46 – 1.22 (m, 20H), 0.89 – 0.81 (m, 12H); 13C NMR (100 MHz, 
CDCl3) δ 156.35, 151.69, 149.29, 147.98, 147.43, 146.05, 143.69, 136.04, 107.52, 37.12, 
35.65, 29.06, 28.82, 23.05, 20.95, 14.20, 10.91; HRMS (ESI) m/z: [M + H]
+
 calcd for 
C34H39Br2GeN6S4, 890.9697; found, 890.8749.  
2.3.13 Poly[(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(4,4'-(4,4-
bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-diyl)di-[1,2,5]thiadiazolo[3,4-
c]pyridine)] (PDTG-PT-RR) 
 
Following the method reported above, 4,4-bis(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene (429 mg, 0.544 mmol), 4,4'-(4,4-
Bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophene-2,6-diyl)bis(7-bromo-
[1,2,5]thiadiazolo[3,4-c]pyridine) (485 mg, 5.44 mmol), Pd(PPh3)4 (31 mg, 0.027 mmol) and 
chlorobenzene (8 mL) were reacted together. Following workup and precipitation, impurities 
and oligomers of the crude polymer were removed via Soxhlet extraction with methanol (1 
day), acetone (1 day), hexane (1 day), chloroform (10 hr) and chlorobenzene (10 hr). The 
resulting solid in the thimble was dissolved in chlorobenzene (~100 mL) before being 
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filtered, concentrated under reduced pressure and precipitated into methanol and dried under 
vacuum to afford a black solid (387 mg, 60% yield). 
1
H NMR (400 MHz, CDCl3) δ 9.01 – 
7.53 (m, 3H), 2.30 – 0.49 (m, 34H); GPC (chlorobenzene, 80 °C) Mn = 67,000 g/mol, Mw = 
105,000 g/mol and PD = 1.58. 
2.4 Chapter 4 
1,6-Dibromohexane was purchased from Aldrich. The synthesis of (4,4-bis(2-
ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene-2,6-diyl)bis(trimethylstannane), 4,7-
dibromo-2-octyl-2H-benzo[d][1,2,3]triazole, 1,3-Dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-
dione, 3-methyl-3-[(6-bromohexoxy)methyl]-oxetane and 4,4-bis(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene was performed according to the 
previously reported literature.
[1,2,6–9]
 During testing of these polymers in OPV active layers 
were deposited by spin coating and any further treatment was done before thermal 
evaporation of the LiF and Aluminium. 
2.4.1 Di-3-thienylmethanol 
 
To a solution of 3-bromothiophene (3.28 mL, 5.7 g, 34.96 mmol) in dry diethylether 
(40 mL) at -78 °C, n-butyl lithium (2.5 M in hexane, 15.7 mL, 39.25 mmol) was added 
dropwise and the reaction stirred for 30 min at -78 °C. To the resultant mixture 3-thiophene 
carboxaldehyde (3.13 mL, 4 g, 35.67 mmol) was added dropwise and the reaction allowed to 
warm to RT overnight. The reaction was cooled to 0 °C, and quenched with HCl (2 M, 50 
mL). The organic layer was washed with water (50 mL), saturated NaHCO3 (50 mL) and 
brine (2×50 mL), dried (MgSO4), filtered and concentrated under reduced pressure to afford a 
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light brown oil which solidified on standing (6.62 g, 33.71 mmol, 96%). The crude product 
was used directly without further purification. 
1
H NMR (400 MHz, CDCl3) δ 7.32 (dd, J = 
5.0, 3.0, 2H), 7.25 – 7.23 (m, 2H), 7.07 (dd, J = 5.0, 1.3, 2H), 5.98 (s, 1H), 2.30 (s, 1H). 
2.4.2 Di-3-thienylmethane 
 
To a well stirred dispersion of lithium aluminium hydride (2.8 g, 74.13 mmol) in dry 
diethyl ether (200 mL) was added aluminium chloride (10.08 g, 75.62 mmol) in three 
portions. Crude di-3-thienymethanol was dissolved in dry diethyl ether (15 mL) and added 
dropwise, over 20 min to the reaction mixture before being refluxed for 3 hr and left to stir 
overnight at RT. The reaction was then quenched by dropwise addition of aqueous HCl (2 M, 
160 mL) over 20 min. The mixture was diluted with diethyl ether, washed with water (~150 
mL), aqueous NaOH (1 M, 2×150 mL) and brine (250 mL), dried (MgSO4), filtered and 
concentrated under reduced pressure. The residue was purified by distillation (115 °C, 1×10
-2
 
mbar) to afford a white crystalline solid at RT (12.10 g, 67.12 mmol, 92% yield). 
1
H NMR 
(400 MHz, CDCl3) δ 7.28 (dd, J = 4.6, 3.2, 2H), 7.01 – 6.93 (m, 4H), 4.01 (s, 2H). 
2.4.3 Bis(2-bromothien-3-yl)methane 
 
To a solution of di-3-thienylmethane (5.65 g, 31.35 mmol) in dry DMF (200 mL) at 
0 °C was added a solution of N-bromosuccinimide (11.17 g, 62.73 mmol) in DMF (20 mL) 
dropwise. The reaction was allowed to warm to RT and stirred overnight. The reaction was 
diluted with diethyl ether, washed with aqueous HCl (2 M, 50 mL), water (3×50 mL) and 
brine (50 mL), dried (MgSO4), filtered and concentrated under reduced pressure. The solid 
42 
residue was purified by column chromatography over silica (eluent: hexane) and crystallised 
(hexane) to afford a white crystalline solid (6.37 g, 18.84 mmol, 60%). 
1
H NMR (400 MHz, 
CDCl3) δ 7.20 (d, J = 5.6, 2H), 6.76 (d, J = 5.6, 2H), 3.88 (s, 2H); 
13
C NMR (101 MHz, 
CDCl3) δ 138.8, 128.5, 125.7, 109.8, 29.5.
  
2.4.4 4H-Cyclopenta[2,1-b:3,4-b’]dithiophene 
 
Activation of copper: copper powder (21 g, 330 mmol) and iodine (1 g, 3.94 mmol) in 
acetone (160 mL) were stirred together for 1 hr. The resulting solution was filtered and 
washed with acetone (excess). The filtered copper was then stirred in a solution of 1:1 HCl 
(conc):acetone (200 mL) for 1 hr. The copper was filtered and washed with excess acetone 
before being dried under vacuum for 24 hr to afford activated copper (20 g, 315 mmol).  
To a solution of bis(2-bromothien-3-yl)methane (4 g, 11.83 mmol) in dry DMF (250 
mL) was added activated copper (8.5 g, 133.76 mmol) and the reaction heated at 160 
o
C for 
24 hr. The reaction mixture was cooled to RT, filtered and washed with diethyl ether (300 
mL) to remove solid impurities. The filtrate was washed with water (excess) and brine (100 
mL), dried (MgSO4), filtered and concentrated under reduced pressure. The residue was 
purified by column chromatography over silica (eluent: hexane) and recrystallised (methanol) 
to afford a white crystal solid (1.95 g, 10.94 mmol, 93%). 
1
H NMR (400 MHz, CDCl3) δ 7.21 
(d, J = 4.9, 2H), 7.12 (d, J = 4.9, 2H), 3.57 (s, 2H);
 13
C NMR (100 MHz, CDCl3) δ 149.7, 
138.7, 124.5, 122.9, 31.8. 
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2.4.5 4,4-Bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene (CPDT) 
 
4H-Cyclopenta[1,2-b:5,4-b']dithiophene (3 g, 16.83 mmol), 2-ethylhexylbromide (6.5 
g, 33.7 mmol) and potassium iodide (75 mg, 0.454 mmol) was dissolved in dry DMSO (150 
mL) and cooled to 0°C. After which ground KOH (6 g, 107 mmol) was added in 6 portions 
and the reaction left to warm to RT overnight. The reaction mixture was diluted with diethyl 
ether (~200 mL) and washed with water (3×150 mL), brine (150 mL) and saturated NH4Cl 
solution (150 mL), dried (MgSO4) and concentrated under reduced pressure. The residue was 
purified by column chromatography over silica (eluent: hexane) to afford a pale yellow oil 
(5.92 g, 14.69 mmol, 87 % yield).
 1
H NMR (400 MHz, CDCl3) δ 7.13 (d, J = 4.8, 2H), 6.94 
(m, J = 4.8, 2.0, 2H), 1.96 – 1.81 (m, 4H), 1.10 – 0.83 (m, 18H), 0.80 – 0.74 (m, 6H), 0.63 – 
0.58 (m, 6H); 
13
C NMR (100 MHz, CDCl3) δ 157.61, 136.80, 123.96, 122.36, 53.23, 43.24, 
35.00, 34.13, 28.58, 27.25, 22.75, 14.06, 10.63. 
2.4.6 (4,4-Bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene-2,6-
diyl)bis(trimethylstannane) (CPDT-Sn2) 
 
To a solution of 4,4-bis-(2-ethyl-hexyl)-4H-cyclopenta[2,1-b;3,4-b']dithiophene (1.50 
g, 3.72 mmol) in dry THF (20 mL) at -78 °C was added n-butyl lithium (2.5 M in THF, 5.20 
mL, 13.03 mol) dropwise. After addition the reaction was warmed to 0 °C and stirred for 2 hr 
at this temperature before being cooled to -78 °C. To the reaction mixture was added 
trimethyltin chloride (1 M in hexane, 15.6 mL, 15.6 mmol). The reaction was allowed to 
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warm to RT by removal of the cooling bath, diluted with hexane (~100 mL), washed with 
water (2×100 mL), dried (MgSO4), filtered and concentrated under reduced pressure to afford 
a yellow oil (2.5 g, 3.43 mmol, 80% yield). 
1
H NMR (400 MHz, CDCl3) δ 7.02 – 6.91 (m, 
2H), 1.93 – 1.80 (m, 4H), 1.06 – 0.82 (m, 18H), 0.79 – 0.73 (m, 6H), 0.63 – 0.58 (m, 6H), 
0.50 – 0.25 (m, 18H). 
2.4.7 2-(6-Bromohexyl)-2H-benzo[d][1,2,3]triazole 
 
To a solution of 1H-benzo[d][1,2,3]triazole (10 g, 84 mmol) and 1,6-dibromohexane 
(71.7 g, 45.2 mL, 294 mmol) in methanol (150 mL) was added freshly ground KOH (11.77 g, 
210 mmol) and the reaction refluxed for 24 hr. After cooling, the methanol was removed 
under reduced pressure. The residue was dissolved in dichloromethane (150 mL), washed 
with water (3×150 mL), dried (MgSO4), filtered and concentrated under reduced pressure. 
The residue was purified by column chromatography over silica (eluent: ethyl acetate:hexane 
(2:3)) to remove starting material, followed by pure ethyl acetate to afford a white oily solid 
(6.21 g, 22.01 mmol, 26% yield). 
1H NMR (400 MHz, CDCl3) δ 7.92 - 7.84 (m, 2H), 7.44 - 
7.37 (m, 2H), 4.76 (t, J = 7.1, 2H), 3.40 (t, J = 6.8, 2H), 2.22 - 2.11 (m, 2H), 1.93 - 1.80 (m, 
2H), 1.58 - 1.47 (m, 2H), 1.46 - 1.34 (m, 2H); 
13
C NMR (100 MHz, CDCl3) δ 144.31, 126.23, 
117.96, 56.40, 33.54, 32.44, 29.83, 27.58, 25.74; HRMS (ESI) m/z: [M + H]
+
 calcd for 
C12H17N3Br, 282.0606; found, 282.0604. 
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2.4.8 4,7-Dibromo-2-(6-bromohexyl)-2H-benzo[d][1,2,3]triazole (BTz-Br) 
 
A solution of 2-(6-bromohexyl)-2H-benzo[d][1,2,3]triazole (6.212 g, 22.01 mmol) in 
a mixture of water (20 mL) and HBr (8.89 M, 36.5 mL, 324 mmol) was heated at 125 °C for 
1 hr. Bromine (9.5 g, 59.4 mmol) was added dropwise and the mixture refluxed overnight at 
150 °C. After cooling, the reaction was extracted with chloroform (100 mL). The combined 
organics were washed with water (3×50 mL), saturated NaHCO3 solution (50 mL), dried 
(MgSO4), filtered and concentrated under reduced pressure. The residue was purified by 
column chromatography over silica (eluent: choroform:hexane (3:1)) and recrystallised 
(hexane:methanol (1:1)) to afford a white crystalline solid (5.00 g, 11.36 mmol, 51% yield). 
Mp 63.3-63.5 °C; 
1
H NMR (400 MHz, CDCl3) δ 7.49 (s, 2H), 4.83 (t, J = 7.3, 2H), 3.43 (t, J 
= 6.7, 2H), 2.27 – 2.15 (m, 2H), 1.95 – 1.84 (m, 2H), 1.60 – 1.39 (m, 4H); 13C NMR (100 
MHz, CDCl3) δ 144.10, 129.63, 110.01, 57.23, 33.52, 32.39, 29.96, 27.53, 25.69; HRMS 
(ESI) m/z: [M + H]
+
 calcd for C12H15N3Br3, 437.8816; found, 437.8803. 
2.4.9 Poly[(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(2-
octyl-2H-benzo[d][1,2,3]triazole)] (PCPDT-BTz-C8) 
 
(4,4-Bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene-2,6-
diyl)bis(trimethylstannane) (350 mg, .481 mmol), 4,7-dibromo-2-octyl-2H-
benzo[d][1,2,3]triazole (178 mg, 0.458 mmol) and Pd(PPh3)4 (13.22 mg 0.011 mmol) were 
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added to a microwave vial. The microwave vial was capped and degassed with argon and 
vacuum (×3). Chlorobenzene (2 mL) was added and the mixture further degassed with 
stirring for 30 min. The resulting solution was then heated in the microwave reactor (constant 
heating mode) at 100 °C (2 min), 120 °C (5 min), 140 °C (5 min), 160 °C (5 min) and 180 °C 
(40 min). The reaction was cooled to 50 °C and then precipitated into methanol before being 
filtered into a cellulose thimble. Lower molecular weight fractions were removed via Soxhlet 
extraction with methanol (1 day) and acetone (1 day). The remaining polymer was extracted 
with hexane (3 hr), and concentrated under reduced pressure before being precipitated into 
methanol to afford a black solid (184 mg, 64% yield). 
1
H NMR (400 MHz, CDCl3) δ 8.01 (s, 
2H), 7.66 (s, 2H), 4.90 (m, 2H), 2.31 – 1.93 (m, 6H), 1.60 – 0.86 (m, 28H), 0.82 – 0.56 (m, 
15H); GPC (chlorobenzene, 80 °C) Mn = 11,000 g/mol, Mw = 20,000 g/mol and PD = 1.8. 
2.4.10 Poly[((4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(2-
octyl-2H-benzo[d][1,2,3]triazole))0.9-stat-((4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-
b:5,4-b']dithiophen-2-yl)-(2-(6-bromohexyl)-2H-benzo[d][1,2,3]triazole))0.1] 
(PCPDT-BTz-Br10%) 
 
Following a similar method reported for PCPDT-BTz-C8, (4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b']dithiophene-2,6-diyl)bis(trimethylstannane) (300 mg, .412 mmol), 
4,7-dibromo-2-octyl-2H-benzo[d][1,2,3]triazole (137 mg, 0.353 mmol), 4,7-dibromo-2-(6-
bromohexyl)-2H-benzo[d][1,2,3]triazole (17.26 mg, 0.04 mmol) and Pd(PPh3)4 (11.33 mg 
9.81 µmol) and chlorobenzene (2 mL) were reacted together. Following work-up and 
precipitation, impurities and oligomers of the crude polymer were removed via Soxhlet 
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extraction with methanol (1 day) and acetone (1 day). The remaining polymer was extracted 
with hexane (3 hr), and concentrated under reduced pressure before being precipitated into 
methanol to afford a black solid (166 mg, 66% yield). 
1
H NMR (400 MHz, CDCl3) δ 8.03 (s, 
2H), 7.60 (s, 2H), 4.90 (m, 2H), 3.48 – 3.30 (m, 0.2H), 2.37 – 1.94 (m, 6H), 1.54 – 0.87 (m, 
27.6H), 0.81 – 0.53 (m, 14.7H); GPC (chlorobenzene, 80 °C) Mn = 10,000 g/mol, Mw = 
18,000 g/mol and PD = 1.7. 
2.4.11 Poly[((4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(2-
octyl-2H-benzo[d][1,2,3]triazole))0.8-stat-((4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-
b:5,4-b']dithiophen-2-yl)-(2-(6-bromohexyl)-2H-benzo[d][1,2,3]triazole))0.2] 
(PCPDT-BTz-Br20%) 
 
Following a similar method reported for PCPDT-BTz-C8, (4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b']dithiophene-2,6-diyl)bis(trimethylstannane) (300 mg, 0.412 mmol), 
4,7-dibromo-2-octyl-2H-benzo[d][1,2,3]triazole (122 mg, 0.314 mmol), 4,7-dibromo-2-(6-
bromohexyl)-2H-benzo[d][1,2,3]triazole (34.5 mg, 0.078 mmol) and Pd(PPh3)4 (11.33 mg, 
9.81 µmol) and chlorobenzene (2 mL) were reacted together. Following work-up and 
precipitation, impurities and oligomers of the crude polymer were removed via Soxhlet 
extraction with methanol (1 day) and acetone (1 day). The remaining polymer was extracted 
with hexane (3 hr), and concentrated under reduced pressure before being precipitated into 
methanol to afford a black solid (161 mg, 64% yield). 
1
H NMR (400 MHz, CDCl3) δ 8.03 (s, 
2H), 7.66 (s, 2H), 4.90 (m, 2H), 3.51 – 3.31 (m, 0.4H), 2.32 – 1.90 (m, 6H), 1.54 – 0.83 (m, 
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27.2H), 0.78 – 0.59 (m, 14.4H); GPC (chlorobenzene, 80 °C) Mn = 11,000 g/mol, Mw = 
19,000 g/mol and PD = 1.7. 
2.4.12 Poly[(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(2-(6-
bromohexyl)-2H-benzo[d][1,2,3]triazole)] (PCPDT-BTz-Br100%) 
 
Following a similar method reported for PCPDT-BTz-C8, (4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b']dithiophene-2,6-diyl)bis(trimethylstannane) (350 mg, 0.481 mmol), 
4,7-dibromo-2-(6-bromohexyl)-2H-benzo[d][1,2,3]triazole (201 mg, 0.458 mmol) and 
Pd(PPh3)4 (12.2 mg, 10.56 µmol) and chlorobenzene (2 mL) were reacted together. 
Following work-up and precipitation, impurities and oligomers of the crude polymer were 
removed via Soxhlet extraction with methanol (1 day) and acetone (1 day). The remaining 
polymer was extracted with hexane (3 hr), and concentrated under reduced pressure before 
being precipitated into methanol to afford a black solid (196 mg, 63% yield). 
1
H NMR (400 
MHz, CDCl3) δ 8.02 (s, 2H), 7.67 (s, 2H), 4.92 (s, 2H), 3.51 – 3.29 (m, 2H), 2.36 – 1.88 (m, 
6H), 1.66 – 0.89 (m, 24H), 0.79 – 0.51 (m, 12H); GPC (chlorobenzene, 80 °C) Mn = 11,000 
g/mol, Mw = 19,000 g/mol and PD = 1.7. 
2.4.13 3-(((6-Bromohexyl)oxy)methyl)-3-methyloxetane 
 
To a solution of (3-methyloxetan-3-yl)methanol (20 g, 196 mmol), 1,6-
dibromohexane (115 g, 471 mmol) and tetrabutylammonium bromide (2.5 g, 7.76 mmol) in 
hexane (200 mL), was added a solution of NaOH (130 g, 3250 mmol) in water (200 mL). The 
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reaction mixture was refluxed for 2 hr, then left to stir for 4 day at RT. After which the 
reaction was extracted with hexane and washed with water (excess). The organic layer was 
then dried (MgSO4), filtered and concentrated under reduced pressure. The residue was 
purified by distillation (80-90 °C, 1×10-1 mbar) to afford a colourless oil (39.47 g, 149 
mmol, 76% yield). 
1
H NMR (400 MHz, CDCl3) δ 4.52 (d, J = 5.7, 2H), 4.37 (d, J = 5.7, 2H), 
3.52 – 3.46 (m, 4H), 3.43 (t, J = 6.8, 2H), 1.94 – 1.83 (m, 2H), 1.68 – 1.56 (m, 3H), 1.53 – 
1.37 (m, 4H), 1.33 (s, 3H); 
13
C NMR (100 MHz, CDCl3) δ 80.25, 76.13, 71.37, 39.93, 33.89, 
32.74, 29.38, 27.97, 25.38, 21.40. 
2.4.14 2,5-Dibromothiophene-3,4-dicarboxylic acid 
 
To a solution of thiophene-3,4-dicarboxylic acid (12 g, 69.7 mmol) in acetic acid (70 
mL) was added bromine (44.6 g, 279 mmol) dropwise. The reaction was stirred at 55 °C for 
96 hr. After cooling to RT the reaction was quenched with saturated Na2S2O3 solution (~200 
mL) until no bromine colour persisted. After which the reaction was cooled to ~5 °C, filtered, 
washed ice water (excess) and dried under vacuum overnight to afford a white solid (10.85 g, 
32.9 mmol, 47% yield). 
13
C NMR (100 MHz, Acetone) δ 161.67, 135.02, 114.76. 
2.4.15 4,6-Dibromothieno[3,4-c]furan-1,3-dione 
 
A solution of 2,5-dibromothiophene-3,4-dicarboxylic acid (13.78 g, 41.8 mmol) in 
acetic anhydride (90 mL) was heated to 110 °C for 1 hr. After which the reaction mixture was 
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cooled to RT, filtered and washed with hexane (~200 mL) to give a brown crystalline powder 
(12.39 g, 39.7 mmol, 95% yield). 
13
C NMR (100 MHz, Acetone) δ 154.54, 134.69, 116.19. 
2.4.16 2,5-Dibromo-4-carbamoylthiophene-3-carboxylic acid 
 
To a solution of 4,6-dibromothieno[3,4-c]furan-1,3-dione (7.60 g, 24.36 mmol) in dry 
THF (24 mL) was added a methanolic ammonia solution (7M in methanol, 10.4 mL, 73.1 
mmol). After stirring at RT for 5 min, all volatiles were removed under reduced pressure and 
the residue redissolved in water (~15 mL). After which concentrated HCl (6 mL, 198 mmol) 
was added dropwise to form precipitate. The reaction mixture was filtered, precipitates 
washed with water (excess) and dried under vacuum to afford an off white solid (7.60 g, 
23.09 mmol, 95% yield).
 1H NMR (400 MHz, DMSO) δ 13.47 (s, 1H), 7.87 (s, 1H), 7.62 (s, 
1H);
 13
C NMR (100 MHz, DMSO) δ 164.16, 162.34, 141.38, 133.80, 116.60, 110.25. 
2.4.17 1,3-Dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione 
 
To a solution of 2,5-dibromo-4-carbamoylthiophene-3-carboxylic acid (7.60 g, 23.1 
mmol) in dry THF (290 mL) and triethylamine (2.34 g, 3.22 mL, 23.1 mmol) was added 1,1′-
carbonyldiimidazole (4.12 g, 24.4 mmol) in several batches and the mixture stirred at RT 
overnight. The reaction mixture was diluted with ethyl acetate (~300 mL), washed with water 
(excess) and aqueous NaHSO4 (1 M, ~300 mL), dried (MgSO4), filtered and concentrated 
under reduced pressure. The crude product was recycled in a repeated reaction to give a 
powder which was washed in hot methanol, filtrated and dried under vacuum overnight to 
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afford a white powder (5.75 g, 18.49 mmol, 80% yield). 
1H NMR (400 MHz, DMSO) δ 11.57 
(s, 1H); 
13C NMR (101 MHz, DMSO) δ 161.46, 136.44, 112.94. 
2.4.18 1,3-Dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD-C8) 
 
A solution of 1,3-dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (2 g, 6.43 mmol) in 
dry DMF (12 mL) was added dropwise to NaH (60% mineral oil, 0.353 g, 8.36 mmol) at RT. 
After which the reaction was left to stir for 1 hr at RT. The resulting solution was added 
dropwise to a separate solution of 1-bromooctane (1.615 g, 8.36 mmol) in dry DMF (20 mL) 
and stirred overnight at RT. The reaction was diluted with diethyl ether (~100 mL) and 
washed with water (3×50mL), brine (3×50mL), dried (MgSO4), filtered and concentrated 
under reduced pressure. The residue was purified by column chromatography over silica 
(eluent: ethyl acetate:hexane, (1:9)) and recrystallised in aqueous ethanol (ethanol:water, 
(4:1)) to afford white crystals (1.79 g, 4.22 mmol, 66% yield).
 1
H NMR (400 MHz, CDCl3) δ 
3.66 – 3.56 (m, 2H), 1.69 – 1.59 (m, 2H), 1.37 – 1.20 (m, 10H), 0.89 (t, J = 6.9, 3H); 13C 
NMR (100 MHz, CDCl3) δ 160.42, 134.81, 112.95, 38.84, 31.78, 29.12, 28.98, 28.27, 26.80, 
22.63, 14.10. 
2.4.19 1,3-Dibromo-5-(6-((3-methyloxetan-3-yl)methoxy)hexyl)-4H-thieno[3,4-
c]pyrrole-4,6(5H)-dione (TPD-Ox) 
 
A solution of 1,3-dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (2 g, 6.43 mmol) in 
dry DMF (12 mL) and added dropwise to NaH (60% mineral oil, 0.353 g, 8.36 mmol) at RT. 
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After which the reaction was left to stir for 1 hr at RT. The resulting solution was added 
dropwise to a separate solution of 3-methyl-3-[(6-bromohexoxy)methyl]-oxetane (2.05 g, 
7.72 mmol) in dry DMF (20 mL) and stirred overnight at RT. The reaction was diluted with 
diethyl ether (~100 mL) and washed with water (3×50mL) and brine (3×50mL), dried 
(MgSO4), filtered and concentrated under reduced pressure. The residue was purified by 
column chromatography over silica (eluent: ethyl acetate:hexane, (1:1)) and recrystallised in 
aqueous ethanol (ethanol:water, (4:1)) to afford light yellow crystals (1.34 g, 2.71 mmol, 42% 
yield). Mp 92.3-92.8 °C; 
1
H NMR (400 MHz, CDCl3) δ 4.51 (d, J = 5.7, 2H), 4.36 (d, J = 5.7, 
2H), 3.61 (t, J = 7.4, 2H), 3.52 – 3.41 (m, 4H), 1.70 – 1.55 (m, 4H), 1.48 – 1.34 (m, 4H), 1.32 
(s, 3H); 
13
C NMR (100 MHz, CDCl3) δ 160.38, 134.79, 112.99, 80.25, 76.08, 71.40, 39.91, 
38.71, 29.34, 28.22, 26.61, 25.72, 21.39. HRMS (ESI) m/z: [M + H]
+
 calcd for 
C17H22NO4SBr2, 493.9636; found, 493.9641. 
2.4.20 1,3-Dibromo-5-(6-bromohexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD-
Br) 
 
A solution of 1,3-dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (2 g, 6.43 mmol) 
was dissolved in dry DMF (12 mL) and added dropwise to NaH (60% mineral oil, 0.353 g, 
8.36 mmol) at RT. After which the reaction was left to stir for 1 hr at RT. The resulting 
solution was added dropwise to a separate solution of 1,6-dibromohexane (4.71 g, 19.3 
mmol) in dry DMF (20 mL) and stirred overnight at RT. The reaction was diluted with 
diethyl ether (~100 mL) and washed with water (3×50mL) and brine (3×50mL), dried 
(MgSO4), filtered and concentrated under reduced pressure. The residue was purified by 
column chromatography over silica (eluent: chloroform:hexane, (4:1)) and recrystallised in 
aqueous ethanol (ethanol:water, (4:1)) to afford light yellow crystals (1.05 g, 2.215 mmol, 
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34% yield). Mp 104.4-105.0 °C; 
1
H NMR (400 MHz, CDCl3) δ 3.63 (t, J = 7.2, 2H), 3.42 (t, J 
= 6.8, 2H), 1.93 – 1.83 (m, 2H), 1.73 – 1.63 (m, 2H), 1.54 – 1.45 (m, 2H), 1.43 – 1.32 (m, 
2H); 
13
C NMR (100 MHz, CDCl3) δ 160.39, 134.75, 113.09, 38.59, 33.68, 32.54, 28.08, 
27.67, 25.96; HRMS (ESI) m/z: [M + H]
+
 calcd for C12H12NO2SBr3, 470.8139; found, 
470.8130. 
2.4.21 Poly[(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5-octyl-
4H-thieno[3,4-c]pyrrole-4,6(5H)-dione)] (PDTG-TPD-C8) 
 
4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene 
(304.9 mg, 0.386 mmol) was weighed into a pre-dried microwave vial. 1,3-Dibromo-5-octyl-
4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (164.0 mg, 0.386 mmol), Pd2dba3 (7.1 mg, 7.73 
μmol) and P(o-tol)3 (9.4 mg 0.031 mmol) were added. The microwave vial was capped and 
degassed with argon and vacuum (×3). o-Xylene (2 mL) was added and the mixture further 
degassed with stirring for 30 min. The resulting solution was then heated in the microwave 
reactor (constant heating mode) at 100°C (2 min), 120°C (5 min), 140°C (5 min), 160°C (5 
min) and 180°C (40 min). The reaction was cooled to 50 °C and then precipitated into 
methanol before bring filtered into a cellulose thimble. Lower molecular weight fractions 
were removed via Soxhlet extraction with methanol (1 day), acetone (1 day) and hexane (1 
day). The remaining polymer was then extracted in chloroform (3 hr), concentrated and dried 
under vacuum. The polymer was then fractionated using preparative GPC (eluent: 
chlorobenzene). High molecular weight fractions were combined, concentrated under reduced 
pressure and precipitated into methanol to produce a black solid (21.3 mg, 8% yield). 
1
H 
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NMR (500 MHz, CDCl3, 40 °C) δ 8.59 – 7.31 (m, 2H), 3.70 (t-br, 2H), 2.16 – 0.68 (m, 49H); 
GPC: (chlorobenzene, 80 °C) Mn = 49,000 g/mol, Mw = 62,000 g/mol and PD = 1.27. 
2.4.22 Poly[((4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5-
octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione))0.8-stat-((4,4-bis(2-ethylhexyl)-4H-
germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5-(6-((3-methyloxetan-3-yl)methoxy)hexyl)-
4H-thieno[3,4-c]pyrrole-4,6(5H)-dione))0.2] (PDTG-TPD-Ox20%) 
 
Following a similar method reported for PDTG-TPD-C8, 4,4-bis(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene (179.1 mg, 0.227 mmol), 1,3-
dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (77.0 mg, 0.182 mmol), 1,3-
dibromo-5-(6-((3-methyloxetan-3-yl)methoxy)hexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione 
(22.5 mg, 0.045 mmol), Pd2dba3 (4.2 mg, 4.54 μmol), P(o-tol)3 (5.5 mg, 0.018 mmol) and o-
xylene (2 mL) were reacted together. Following the workup and extraction the crude polymer 
was then fractionated using preparative GPC (eluent: chlorobenzene), high molecular weight 
fractions were combined, concentrated under reduced pressure and precipitated into methanol 
to afford a black solid (76.3 mg, 45% yield). 
1
H NMR (500 MHz, CDCl3, 40 °C) δ 8.60 – 
7.30 (m, 2H), 4.51 (s, 0.4H), 4.35 (s, 0.4H), 3.94 – 3.29 (m, 2.8H), 2.23 – 0.67 (m, 48.2H); 
GPC: (chlorobenzene, 80 °C) Mn = 39,000 g/mol, Mw = 72,000 g/mol and PD = 1.86. 
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2.4.23 Poly[(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5-(6-
((3-methyloxetan-3-yl)methoxy)hexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione)] 
(PDTG-TPD-Ox100%) 
 
Following a similar method reported for PDTG-TPD-C8, 4,4-bis(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene (209.6 mg, 0.266 mmol), 1,3-
dibromo-5-(6-((3-methyloxetan-3-yl)methoxy)hexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione 
(132.0 mg, 0.266 mmol), Pd2dba3 (4.9 mg, 5.31 μmol) , P(o-tol)3 (6.5 mg, 0.021 mmol) and 
o-xylene (2 mL) were reacted together. Following the workup and extraction the crude 
polymer was then fractionated using preparative GPC (eluent: chlorobenzene), high 
molecular weight fractions were combined, concentrated under reduced pressure and 
precipitated into methanol to afford a black solid (28.6 mg, 13% yield). 
1
H NMR (500 MHz, 
CDCl3, 40 °C) δ 8.54 – 7.33 (m, 2H), 4.51 (s, 2H), 4.34 (s, 2H), 3.89 – 3.18 (m, 6H), 2.13 – 
0.71 (m, 45H); GPC: (chlorobenzene, 80 °C) Mn = 29,000 g/mol, Mw = 42,000 g/mol and PD 
= 1.46. 
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2.4.24 Poly[((4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5-
octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione))0.8-stat-((4,4-bis(2-ethylhexyl)-4H-
germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5-(6-bromohexyl)-4H-thieno[3,4-c]pyrrole-
4,6(5H)-dione))0.2] (PDTG-TPD-Br20%) 
 
Following a similar method reported for PDTG-TPD-C8, 4,4-bis(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene (171.2 mg, 0.217 mmol), 1,3-
dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (73.4 mg, 0.174 mmol), 1,3-
dibromo-5-(6-bromohexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (20.6 mg, 0.043 mmol), 
Pd2dba3 (4.0 mg, 4.34 μmol), P(o-tol)3 (5.3 mg, 0.017 mmol) and o-xylene (2 mL) were 
reacted together. Following the workup and extraction the crude polymer was then 
fractionated using preparative GPC (eluent: chlorobenzene), high molecular weight fractions 
were combined, concentrated under reduced pressure and precipitated into methanol to afford 
a black solid (53.6 mg, 34% yield).
 1
H NMR (500 MHz, CDCl3, 40 °C) δ 8.62 – 7.33 (m, 
2H), 3.92 – 3.27 (m, 2.2H), 2.14 – 0.60 (m, 47.8H); GPC: (chlorobenzene, 80 °C) Mn = 
44,000 g/mol, Mw = 71,000 g/mol and PD = 1.63. 
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2.4.25 Poly[(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5-(6-
bromohexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione)] (PDTG-TPD-Br100%) 
 
Following a similar method reported for PDTG-TPD-C8, 4,4-bis(2-ethylhexyl)-2,6-
bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene (199.0 mg, 0.252 mmol), 1,3-
dibromo-5-(6-bromohexyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (120.0 mg, 0.252 mmol), 
Pd2dba3 (4.6 mg 5.04 μmol), P(o-tol)3 (6.14 mg, 0.02 mmol) and o-xylene (2 mL) were 
reacted together. Following the workup and extraction the crude polymer was then 
fractionated using preparative GPC (eluent: chlorobenzene), high molecular weight fractions 
were combined, concentrated under reduced pressure and precipitated into methanol to afford 
a black solid (26.5 mg, 14% yield). 
1
H NMR (500 MHz, CDCl3, 40 °C) δ 8.61 – 7.33 (m, 
2H), 3.90 – 3.28 (m, 4H), 2.20 – 0.62 (m, 42H); GPC: (chlorobenzene, 80 °C) Mn = 25,000 
g/mol, Mw = 35,000 g/mol and PD = 1.41. 
2.5 Chapter 5 
1,6-Dibromohexane was purchased from Aldrich. The synthesis of (4,4-bis(2-
ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene-2,6-diyl)bis(trimethylstannane), 1,3-
Dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione and 1,3-dibromo-5-octyl-4H-thieno[3,4-
c]pyrrole-4,6(5H)-dione was performed according to the previously reported literature.
[7,10,11]
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2.5.1 1,3-Dibromo-5-(tert-butoxycarbonyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione 
(TPD-Boc) 
 
Using a modification of a previously a reported procedure,
[12]
 to a RT solution of 1,3-
dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (1.50 g, 4.82 mmol) and di-tert-butyl 
dicarbonate (1.2 mL, 5.22 mmol) in dry acetonitrile (30 mL) was added 4-
dimethylaminopyridine (6 mg, 49.1 µmol) and the reaction stirred for 1 hr. After the 
suspension had fully dissolved the reaction mixture was concentrated under reduced pressure 
and purified by column chromatography over silica (eluent: acetone:hexane, (1:1)) and 
recrystallised (acetone:hexane, (1:1)) to afford a white crystalline solid (1.26 g, 3.07 mmol, 
63% yield). Mp 160.7-161.1 °C (decomposition); νmax/cm
-1
: 1776 & 1719 (C=O stretching 
modes); 
1
H NMR (400MHz, CDCl3) δ 1.62 (9H, s); 
13
C NMR (100 MHz, CDCl3) δ 155, 115, 
86, 60, 28; EIMS m/z (%): 411 (10%, [M]
+
), 413 (7), 409 (7); calcd for C11H9NO4SBr2: 
408.8619, found: 408.8613. 
2.5.2 Poly[(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(5-
octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione)] (PCPDT-TPD-C8) 
 
(4,4-Bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophene-2,6-
diyl)bis(trimethylstannane) (263.8 mg, 0.362 mmol), 1,3-dibromo-5-octyl-4H-thieno[3,4-
c]pyrrole-4,6(5H)-dione (153.0 mg, 0.362 mmol) and Pd(PPh3)4 (20.9 mg, 0.018 mmol) were 
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added to a microwave vial. The microwave vial was capped and degassed with argon and 
vacuum (×3). Dry toluene (10 mL) and triethylamine (0.5 mL) was added and the mixture 
further degassed with argon with stirring for a further 30 min. The resulting solution was then 
heated in an oil bath at 100 °C (3 day). The reaction was cooled to 50 °C and then 
precipitated into acetone before being filtered into a cellulose thimble. Lower molecular 
weight fractions were removed via Soxhlet extraction with acetone (1 day) and hexane (1 
day). The remaining polymer was extracted in chloroform (3 hr), concentrated under reduced 
pressure, precipitated into acetone, filtered and dried under vacuum to afford a black solid. 
(102.0 mg, 42% yield). 
1H NMR (400 MHz, CDCl3) δ 8.11 – 7.90 (m, 2H), 3.73 (s, 2H), 2.03 
(s, 4H), 1.75 (s, 2H), 1.46 – 1.26 (m, 10H), 1.15 – 0.85 (m, 19H), 0.80 – 0.65 (m, 12H); GPC: 
(chlorobenzene, 80 °C) Mn = 13,000 g/mol, Mw = 17,000 g/mol and PD = 1.28. 
2.5.3 Poly[((4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(5-
octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione))0.8-stat-((4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(tert-butyl-4,6-dioxo-4H-thieno[3,4-
c]pyrrole-5(6H)-carboxylate))0.2] (PCPDT-TPD-Boc20%) 
  
Following a similar method reported for PCPDT-TPD-C8, (4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b']dithiophene-2,6-diyl)bis(trimethylstannane) (516.5 mg, 0.709 mmol), 
1,3-dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (240.0 mg 0.567 mmol), tert-
butyl 1,3-dibromo-4,6-dioxo-4H-thieno[3,4-c]pyrrole-5(6H)-carboxylate (58.0 mg, 0.142 
mmol), Pd(PPh3)4 (41.0 mg, 0.035 mmol), triethylamine (0.5 mL) and dry toluene (10 mL) 
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were reacted. Following work up and purification, the polymer was extracted in chloroform 
(3 hr), concentrated under reduced pressure, precipitated into acetone, filtered and dried 
under vacuum to afford a black solid (203 mg, 43% yield). 
1
H NMR (400 MHz, CDCl3) δ 
8.10 – 7.93 (m, 2H), 3.74 (s, 1.6H), 2.03 (s, 4H), 1.81 – 1.65 (m, 3.4H), 1.47 – 1.24 (m, 8H), 
1.12 – 0.86 (m, 18.4H), 0.81 – 0.63 (m, 12H); GPC: (chlorobenzene, 80 °C) Mn = 11,000 
g/mol, Mw = 14,000 g/mol and PD = 1.26. 
2.5.4 Poly[((4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(5-
octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione))0.6-stat-((4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b']dithiophen-2-yl)-(tert-butyl-4,6-dioxo-4H-thieno[3,4-
c]pyrrole-5(6H)-carboxylate))0.4] (PCPDT-TPD-Boc40%) 
 
Following a similar method reported for PCPDT-TPD-C8, (4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b']dithiophene-2,6-diyl)bis(trimethylstannane) (525.1 mg, 0.721 
mmol),1,3-dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (183.0 mg 0.433 mmol), 
tert-butyl 1,3-dibromo-4,6-dioxo-4H-thieno[3,4-c]pyrrole-5(6H)-carboxylate (119.0 mg, 
0.288 mmol), Pd(PPh3)4 (41.7 mg, 0.036 mmol), triethylamine (0.5 mL) and dry toluene (10 
mL) were reacted. Following work up and purification, the polymer was extracted in 
chloroform (3 hr), concentrated under reduced pressure, precipitated into acetone, filtered and 
dried under vacuum to afford a black solid (116 mg, 24% yield). 
1
H NMR (400 MHz, CDCl3) 
δ 8.14 – 7.91 (m, 2H), 3.74 (s, 1.2H), 2.03 (s, 4H), 1.81 – 1.65 (m, 4.8H), 1.47 – 1.25 (m, 
6H), 1.15 – 0.86 (m, 17.8H), 0.85 – 0.62 (m, 12H); GPC: (chlorobenzene, 80 °C) Mn = 9,000 
g/mol, Mw = 12,000 g/mol and PD = 1.31. 
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CHAPTER 3         
Influence of Electron Deficient Co-
Monomer on the Performance of 
Dithienogermole Co-Polymer for Organic 
Photovoltaics 
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3.1 Introduction 
The rapid improvement in OPV device efficiency over the past few years has mainly 
been driven by the development of new low band gap polymers. Within this class of polymer, 
it is clear that the donor-acceptor (D-A) approach has been one of the most favoured and 
successful strategies used in research.
[1,2]
 The reduction of the optical band gap results from 
molecular orbital hybridisation, and can be fine-tuned depending on the electron rich or 
electron deficient units.
[1–5]
 Computational DFT calculations on these types of donor-acceptor 
co-polymers typically show full delocalisation over the conjugated backbone for the HOMO 
and strong localisation on the acceptor for the LUMO.
[6–8]
 Despite the progress made with 
controlling the optical band gap by these approaches, it remains difficult to predict and 
control the critical morphology of a polymer:fullerene blend, and even small structural 
changes in the polymer can result in the significant changes to device performance. 
 
Figure 3.1.Electron rich co-monomers for D-A co-polymerisation 
Electron rich co-monomers can come in many shapes and sizes, from something as 
simple as bithiophene to a more complicated heteroatom substituted fused ring system such 
as silaindacenodithiophene, shown in figure 3.1.
[9]
 Research into novel donors has had a large 
part to play in the synthesis of novel p-type materials for organic electronics and in particular 
OPV. However, one group of monomers in particular have been prevalent in producing 
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efficient OPV devices, these are the bridged bithiophenes. 4H-Cyclopenta[1,2-b:5,4-
b']dithiophene (CPDT),
[10]
 4H-silolo[3,2-b:4,5-b']dithiophene (DTS) and 4H-germolo[3,2-
b:4,5-b']dithiophene (DTG) are all electron rich bridged bithiophenes with a five member 
cyclopentadiene or metallole fused ring at its central core. As shown in figure 3.2, the three 
fused rings provide a unique balance of favourable structural motif and ease of synthesis 
which has led to their use in many high performing p-type polymers. For example, the co-
polymerisation of CPDT with fluorobenzothiadiazole by Jen and co-workers, has been shown 
to give a polymer which when blended with PC70BM affords devices with high Jscs and high 
Vocs of 14.50 mA cm
-2
 and 0.76 V with overall device efficiencies of 5.48%.
[11]
 This paper 
also highlights the importance of the solubilising chain. Comparing 2-ethylhexyl side chains 
with the longer 3,7-dimethyloctyl side-chain afforded a significant change in the lamella 
ordering and resulted in a large decrease in packing distance, with the 2-ethylhexyl giving a 
lamella spacing of ~8 Å compared to the 3,7-dimethyloctyl with a spacing of 19 Å. When co-
polymerised with 5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione) (TPD) the resulting co-
polymer showed impressive performance in OPV testing. These results obtained by Ding and 
co-workers have shown that a 1:2 weight ratio of polymer:PC70BM blend processed with 4.2 
vol% 1,8-diiodooctane (DIO) solvent additive, afforded PCEs as high as 6.41%.
[12]
 These 
results demonstrate that high PCEs can be reached with simple motifs and minimal device 
optimisations. 
 
Figure 3.2. Fused bithiophene donor co-monomers 
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DTS and DTG, being relatively new co-monomers in the field of OPV, have not been 
as well studied as CPDT but initial reports are very encouraging. DTS and DTG have slightly 
different properties to that of CPDT. As discussed in detail in chapter 1, changing of the 
heteroatom from C to Si or Ge has been shown to have a significant impact on the polymer. 
Most importantly in seminal work by Yang and Scharber, the replacement of C with Si was 
shown to change the polymer crystallinity and has an effect on the packing of the polymer 
backbone.
[13,14]
 In OPV this change from amorphous CPDT to semi-crystalline DTS directly 
effects device performance properties.
[15,16]
 When co-polymerised with the same octyl TPD, 
device properties showed a Jsc of 12.1 mA cm
-2
, high a Voc of 0.91 V and a very high FF of 
0.70, giving an overall PCE of 7.50%.
[16]
 These results by M Leclerc and co-workers show 
also the molecular weight dependence of a polymer and its correlation to its device 
performance (higher molecular weight giving higher efficiencies). DTS has also shown to 
have promise in small molecule oligomers for p-type materials.
[17]
 Research by G Bazan and 
co-workers show that long conjugation lengths are not entirely necessary for narrow band 
gaps. These molecularly pure small molecules give a Jscs of 15.2 mA cm
-2
, Vocs of 0.66 V, FF 
of 0.65 and a PCE of 6.5% in a small molecule:PC60BM 1:1 weight ratio OPV device using 
MoO3 as the electron blocking layer. Though high performing it is important to note the 
chemical stability of the DTS co-monomer to base is significantly lower compared to CPDT 
and DTG, which means that it is not amenable to synthesis by the Suzuki polymerisation.
[18–
20]
 
 
Figure 3.3. Chemical structure of PDTG-BT 
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These three donor monomers have been co-polymerised with electron deficient 
moieties such as benzo[c][1,2,5]thiadiazole (BT) to give high performance electron donor 
materials such as PDTG-BT shown in figure 3.3.
[13,14,18,21,22]
 Previously it has been reported 
that the high molecular weight co-polymer of PDTG-BT has obtained reasonably high power 
conversion efficiency (PCE) of 4.5% with promisingly high Jscs of 18.6 mA cm
-2
 after 
annealing. At the same time lower efficiencies were reported by lower molecular weight 
versions of PDTG-BT using similar device fabrication conditions.
[23,24]
 Additionally, the use 
of other electron withdrawing acceptor monomers such as TPD has provided polymers with 
efficiencies of up to 7.4%. The PDTG-TPD has a lower Jsc of 13.0 mA cm
-2
 compared to 
PDTG-BT, but a significantly increased Voc of 0.87 V with the use of 1,8-diiodooctane (DIO) 
additive and measured in an inverted device structure.
[25,26]
 Further optimisation studies using 
this polymer and improving device geometry and layer thickness have increased PCE up to 
8.0%.
[26]
 
Based upon these promising results, we were interested to further explore the 
potential of DTG by polymerisation with alternative electron-deficient co-monomers. In 
particular we aimed to investigate how the relationship between the optoelectronic properties 
and the device performance varied as a function of co-monomer acceptor strength. To that 
end we compared three structural analogues of BT as acceptors, namely 2-octyl-2H-
benzo[d][1,2,3]triazole (BTz), 5,6-difluorobenzo[c][1,2,5]thiadiazole (DFBT) and 
[1,2,5]thiadiazolo[3,4-c]pyridine (PT).
[27–30]
 The synthesis of PDTG-BTz, PDTG-DFBT and 
PDTG-PT is reported, and the characterisation and device properties of all three polymers are 
compared and contrasted against each other and PDTG-BT.
[18]
 We also report that significant 
differences can be seen in the optoelectronic properties and device performances and relate 
this to the key attributes of the acceptor strength of the co-monomer. 
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3.2 Results and Discussion 
3.2.1 Synthesis 
 
Scheme 3.1. Synthetic route to PDTG-BTz, PDTG-DFBT and (Regiorandom) PDTG-PT, in the inset 
the chemical structure of PDTG-BT is presented 
4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene 
(DTG-Sn2),
[31]
 4,7-dibromo-2-octyl-2H-benzo[d][1,2,3]triazole,
[32] 
4,7-dibromo-
[1,2,5]thiadiazolo[3,4-c]pyridine,
[28,33] 
and 4,7-dibromo-5,6-
difluorobenzo[c][1,2,5]thiadiazole,
[34]
 were all synthesised from previously reported literature 
with no complications. However, DTG-Sn2 presented difficulties in the purification due to the 
non-crystalline nature of the monomer. Attempted purification over basified silica or alumina 
resulted in extensive cleavage of the trimethyl tin groups when analysed by 
1
H NMR, as 
previously noted by other groups.
[31]
 Thus, preparative gel permeation chromatography 
(GPC) was employed in hexane to give the pure distannylated monomer in yields between 
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59% and 97% with an average of 79%. The synthesis of all polymers was performed by a 
microwave assisted Stille cross-coupling polymerisation reactions as shown in scheme 3.1, 
and the resulting polymers were purified by successive Soxhlet extraction with methanol, 
acetone and hexane to remove low molecular weight oligomers and catalyst residues.
[35]
 The 
resulting polymers for PDTG-BTz and PDTG-PT both were readily soluble in chloroform. 
The crude polymers were both relatively low molecular weights (Mn ~7 kDa), and since it is 
commonly known that OPV performance usually improves with molecular weight,
[16,36–38]
 
higher molecular weight fractions with lower polydispersity were further isolated using 
preparative GPC in chlorobenzene at 80 °C.[39] 
Table 3.1. Summary of polymer physical properties, Mn and Mw determined by GPC and reported as 
their polystyrene equivalents & their optoelectronic properties, PDTG-BT was added for comparison 
purposes 
 
Mn (kDa) Mw (kDa) PDI DP λmax (sol) (nm) λmax (film) (nm) 
PDTG-BTz 23 27 1.16 33 575, 616 585, 626 
PDTG-DFBT 8 11 1.51 13 677, 735 675, 739 
PDTG-PT 24 33 1.36 38 773, 831 784, 848 
PDTG-BT 31 98 3.16 52 700, 756 714, 778 
 
For PDTG-DFBT it was found that the reaction yielded a poorly soluble polymer in 
both chloroform and chlorobenzene, which prohibited fractionation via preparative GPC.
[39]
 
Other groups have previously reported the issue of reduced solubility for polymers containing 
DFBT as a co-monomer and it has been speculated to be due to intra and intermolecular 
sulphur-fluorine interactions between the DFBT and DTG units.
[9,40]
 As a result, the crude 
polymer was extracted (Soxhlet) with hot chlorobenzene to isolate a soluble fraction of low 
molecular weight. We note however, the majority of the product was insoluble material 
remaining in the Soxhlet thimble. Molecular weights were determined by gel permeation 
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chromatography (GPC) in chlorobenzene against polystyrene standards and are summarised 
in table 3.1. Due to the poor solubility of the higher molecular weight fraction of PDTG-
DFBT, only the lower molecular weight fraction obtained via extraction with chlorobenzene 
was used in this study. PDTG-PT and PDTG-BTz afforded quite similar molecular weights 
after fractionation, and for all three polymers a low polydispersity (PDI) index was obtained. 
Analysis of all three polymers by 
1
H NMR showed consistency with their proposed 
polymeric structures. The 
1
H NMR showed peak broadening relative to their monomeric 
state. This can be attributed to the segmental aggregation of the polymer within the solution 
of deuterated chloroform in relatively high concentrations (~5-10 mg/mL). This aggregation 
effect in solution gives rise to the occurrence of constrained chain conformations reducing 
their rotational freedom. The integrations were also consistent with the expected values for 
PDTG-BTz and PDTG-PT, however for PDTG-DFBT the protons associated with the alkyl 
chains were higher than expected. This may be a result of shielding of the aromatic protons 
from aggregations in solution which may have caused a decrease in the aromatic proton 
integral. As for PDTG-PT, it was noted that the synthetic procedure used may have provided 
a mixture of regioisomers along the polymeric chain for the relative orientations of PT due to 
its non-centrosymmetric nature. Previous studies have shown that the reactivity of the 2-
position on PT (ortho to the pyridyl nitrogen) undergoes oxidative coupling faster than the 5-
position, which may increase the likeliness of a slight enhancement in the percentage of 
regioregularity as opposed to the purely random co-polymer.
[41–44]
 Regrettably however, the 
broad NMR spectra prevented any further analysis of the polymers regioregularity.  
Differential scanning calorimetry (DSC) was performed from on all three co-polymers 
from 0-300 °C. No obvious transitions were observed upon heating or cooling, which either 
indicates that the melting temperature is above 300 °C or in the case of PDTG-BTz that the 
polymer is amorphous (vide infra). 
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3.2.2 Optical and Electrochemical Properties 
 
Figure 3.4. a) UV-Vis spectrum of polymers in solution (CB) and film, b) temperature UV studies in 
solution (CB) 
UV-Vis absorption of the three co-polymers PDTG-BTz, PDTG-DFBT and PDTG-
PT were measured in solutions of chlorobenzene and films spun from solutions of 
chlorobenzene (5 mg/mL) and normalised spectra are shown in figure 3.4, with the 
corresponding optoelectronic properties summarised in table 3.1. All polymers show 
qualitatively similar spectral shape with pronounced double peaks for both the solution and 
solid state spectra in the long wavelength region (figure 3.4a)). Upon film formation the 
longer wavelength maxima increases in intensity relative to the solution, coupled with a small 
shift towards the red region suggestive of improved interchain interactions. The similarities 
of the solution to the thin film absorption spectra, at the longer wavelengths, suggest that the 
polymers may form aggregates in solution at room temperature. Further evidence for 
pronounced room temperature aggregation can be seen from heating the solutions, as shown 
in figure 3.4b). Upon heating there is a significant decrease in relative intensity for the longer 
wavelength shoulder for all three polymers, with also a slight blue-shift of the absorption 
maxima. We can conclude that heating most likely decreases the tendency for aggregation to 
occur in solution by increasing the torsional or vibrational disorder in the conjugated 
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backbone and disrupting the planarity of the polymers. However, the effect is less obvious for 
PDTG-BTz than for other two co-polymers, in agreement with the solution state 
1
H NMR 
data which suggest the polymer is already less aggregated at room temperature. Hence the 
solution spectra peaks of PDTG-BTz, PDTG-DFBT and PDTG-PT at 575 nm, 677 nm and 
773 nm, respectively can be associated to the intramolecular D-A charge transfer (ICT) 
interactions,
[45,46]
 while the peaks at 616 nm, 735 nm and 831 nm can be attributed to the 
aggregated form of the co-polymers. Similarly, the previously reported peaks of the PDTG-
BT co-polymer at 700 nm and 756 nm in solution can also safely be assigned to the D-A ICT 
interactions and aggregation.
[18]
 
Moving from solution to solid state, comparable attributes were also presented by 
analysis of the three absorption spectra of PDTG-BTz, PDTG-DFBT and PDTG-PT (figure 
3.4). More specifically PDTG-BTz shows maxima at 585 nm with a shoulder at 626 nm, the 
PDTG-DFBT displays maxima at 739 nm with a shoulder at 675 nm and PDTG-PT exhibits 
maxima at 848 nm with a shoulder at 784 nm. It should be noted that PDTG-BT exhibits a 
maxima at 778 nm with a shoulder at 714 nm.
[18]
 From the basis of the allocation reported 
previously for peaks from the co-polymers in solution, the peaks of PDTG-BTz, PDTG-BT, 
PDTG-DFBT and PDTG-PT at 585 nm, 714 nm, 675 nm and 784 nm, respectively can be 
related to the same ICT interactions and peaks at 626 nm, 778 nm, 739 nm and 848 nm to the 
polymer aggregated form. Interestingly, the disparities of the ICT transitions of the three co-
polymers do not follow
 
the normal experimental trend reported in the literature in which the 
stronger the electron accepting characteristics and quinoidal forming capability of the 
electron poor unit,
[1]
 the greater the intramolecular charge transfer and lower Eg
opt
 
observed.
[28,47]
 The difference in energy of the intramolecular charge transfer state of all four 
DTG based co-polymers follow this order: PDTG-BTz > PDTG-DFBT > PDTG-BT > 
PDTG-PT whilst we predict that the electron accepting strength of the electron poor 
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monomer follows the trend: PT > DFBT > BT > BTz.
[48]
 It was thought that differences in 
torsional disorder between BT and DFBT could not have been the cause for this increase in 
band gap, as computational DFT calculations of the conjugated backbone (vide infra) support 
that the PDTG-DFBT co-polymer is able to implement a fully co-planar backbone despite the 
slightly bulkier size of fluorine as compared to hydrogen (figure 3.6). Likewise, it is not 
believed that the lower molecular weight of PDTG-DFBT is responsible for the larger band 
gap, as no changes in the optical absorption spectra of similarly low weight PDTG-BT 
against the higher molecular weight polymer were noticed.
[23] 
It is noted however that other 
groups have observed a similar increase in band gap when exchanging from BT to DFBT in 
different D-A co-polymers,
[7,26,34,43]
 and in agreement with these reports we assign the 
increase in band gap to the electron withdrawing influence from the two fluorine atoms on 
the energy of the HOMO for PDTG-DFBT. Lastly, the onset of the solid state UV-Vis 
absorption was used to estimate the optical band gaps which are; 1.82 eV (680 nm) for 
PDTG-BTz, 1.53 eV (810 nm) for PDTG-DFBT, 1.32 eV (940 nm) for PDTG-PT and 1.47 
eV (843 nm) for PDTG-BT. 
Having already spoken about the benefits of using the Ge heteroatom bridging group 
it is useful to compare the silicon and carbon bridge equivalents with those structures 
reported in this thesis. In order to reduce the influence of the side chain, which is known to 
influence optoelectronic properties, here we focus only on those analogous polymers with the 
same 2-ethylhexyl solubilising group. Comparing first the carbon bridged analogue of PDTG-
DFBT, the poorly soluble DFBT co-polymer with CPDT exhibits a similar dual peak spectral 
absorption with the lower energy maxima at 712 nm in chloroform solution, 761 nm in thin 
film and a band gap of 1.6 eV.
[11]
 As for the silicon bridged BTz co-polymer, this exhibits a 
dual maxima with peaks at 567 nm in chloroform, 576 nm in thin film and an optical band 
gap of 1.8 eV.
[50]
 Comparing the influence of Ge with Si there is relatively little shift in the 
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maxima, in agreement with other studies on Si and Ge polymers,
[51]
 but upon substitution 
from Ge to C it is clear that the maxima absorption is slightly red-shifted and band gap 
reduced. This can be explained by the stabilising influence of the σ* orbital to the π* LUMO 
which results in a lowered LUMO, and the resulting redshift and reduced band gap.
[51]
 
Table 3.2. Comparison of experimental and computationally calculated ionisation potential, LUMO 
and Band Gap 
 
IP (eV)a LUMO (eV)b 
Optical 
Eg (eV)
c 
Calc. 
HOMO (eV) 
Calc. 
LUMO (eV) 
Calc. 
Eg (eV) 
PDTG-BTz 4.76 ± 0.05 -2.94 ± 0.05 1.82 -4.50 -2.62 1.88 
PDTG-DFBT 5.02 ± 0.05 -3.49 ± 0.05 1.53 -4.80 -3.20 1.60 
PDTG-PT 4.89 ± 0.05 -3.57 ± 0.05 1.32 -4.79 -3.33 1.46 
a) Determined as a thin film by UV-PESA.  
b) Estimated by the subtraction of the optical band gap from the HOMO  
c) Determined by extrapolation of the long wavelength onset of optical absorption 
 
Figure 3.5. PESA spectra for pristine polymer film 
Photo-electron spectroscopy in air (PESA) was used to measure the ionisation 
potential of PDTG-BTz, PDTG-DFBT and PDTG-PT from thin films and was given to be 
4.76 eV, 5.02 eV and 4.89 eV respectively, with an error of ± 0.05 eV. The LUMO energy 
levels were approximated from the direct measurements of the HOMO by deducting the 
optical band gap energy, obtained earlier from the UV-Vis spectral onset. The values 
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obtained for PDTG-BTz, PDTG-DFBT and PDTG-PT were -2.98 eV, -3.58 eV and -3.57 eV 
respectively as shown in table 3.2. Although this approximation does not take into account 
the exciton binding energy, it serves as a useful indication for the electron accepting ability. 
The ionisation of PDTG-BT measured also by PESA gave a HOMO of -4.79 eV and from 
this the corresponding LUMO was given to be -3.31 eV. It is clear that the change from BT to 
DFBT or PT shifts the HOMO and LUMO levels to lower values from the increasing electron 
accepting abilities of DFBT and PT. The energy levels of the HOMO and LUMO for PDTG-
DFBT and PDTG-PT show that the HOMO has been lowered for both, but to a greater extent 
for the PDTG-DFBT, something also noticed in literature.
[27,30]
 Both LUMOs are lowered but 
within a similar range to each other. This further stabilisation of the DFBT verifies the 
statement that the fluorine atoms give rise to a more significant electron withdrawing effect. 
The inclusion of the BTz co-monomer resulted in an upshifted LUMO level compared to 
PDTG-BT, which we attribute to the weaker electron accepting properties of BTz compared 
to that of BT. 
 
Figure 3.6. DFT (B3LYP/6-31G*) calculated frontier molecular orbitals of the HOMO (bottom) and 
LUMO (top) for the trimers of a) PDTG-BTz, b) PDTG-DFBT, and c) PDTG-PT 
To further understand the difference between these three polymers computationally 
predicted quantum chemical DFT calculations were performed to help visualise the molecular 
orbital energy levels and model the frontier molecular orbitals to see their electron density 
distribution. As shown in figure 3.6, trimer oligomer models were used for ease of calculation 
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using Guassian 09 at the B3LYP/6-31G* level. Further simplification of the structure was 
achieved by the implementation of methyl groups over the full alkyl chains in the actual 
polymer. This simplification should have little effect on the outcome of the electron density 
on the backbone distribution. From analysis of the energy minimised structural 
conformations, it is apparent that all three polymers give a planar backbone conformation, 
with little torsional disorder present. In table 3.2, further calculations have showed that the 
HOMO-LUMO energy gaps for the three trimers showed good correlation to the 
experimentally observed values from PESA, with the equivalent trends between materials 
observed. Though the predictions of the HOMO levels are slightly upshifted to the 
experimental value, the one exception present was of PDTG-PT which was predicted to have 
a similar HOMO to that of PDTG-DFBT. Possible causes for this difference may be the 
effects of solid state packing in a film, which was not taken into account with in the 
computational calculations. As shown in figure 3.6, the molecular orbitals show an even 
delocalisation of the molecular orbital along the conjugated backbone for the HOMO. But on 
analysis of the LUMO it is clear that there are distinct differences which can conveniently be 
related to the strength of the more electron deficient monomer species. The electron accepting 
strength of both DFBT and PT are relatively stronger and show a strong localisation of the 
electron density around the electron deficient acceptor units compared to that of DTG. 
Conversely, BTz as a weaker acceptor shows little to no localisation of the electron density 
around the acceptor unit in the LUMO orbital, rather just a larger delocalisation over the 
whole conjugated backbone. These observations work nicely to support the fact that the 
differences in localisations of electron density on the LUMO correlates well with the strength 
of the ICT interactions i.e. the stronger the interaction the greater the localisation over the 
acceptor on the LUMOs. 
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Figure 3.7. Emission spectra of a) PDTG-BTz and b) PDTG-DFBT in a solution of chlorobenzene – 
solutions were excited at 510 nm and 600 nm, respectively 
Photoluminescence emission measurements were performed in solution, as shown in 
figure 3.7. Unfortunately, we were not able to measure the PL of PDTG-PT due to the weak 
long wavelength emission and equipment limitations. The photoluminescence spectra of 
PDTG-BTz and PDTG-DFBT in chlorobenzene show similar shapes with maxima at 654 nm 
and 710 nm respectively and with a shoulder at longer wavelengths. The Stoke shift of the PL 
spectra is smaller in PDTG-DFBT than PDTG-BTz, with the former polymer showing a 
greater overlap with the absorption peaks. This means that PDTG-DFBT emits similar energy 
photons to those absorbed which we believe is related to its aggregation in solution and low 
solubility. The poor solubility can be related to a lack of conformation freedom in the 
polymer, which supports the fact that the geometry of the excited state is in a similar 
conformation to that of the ground state. PDTG-BTz however is a lot more soluble and the 
BTz co-monomer may be freer to rotate along the BTz-DTG bond. This rotation means that 
the extra energy of the excited polymer is lost via a reordering of the polymeric structure in 
the excited state and photons are reemitted from a low energy planar confirmation. 
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3.2.3 Structural (X-Ray) Characterisation 
 
Figure 3.8. X-Ray diffraction patterns of PDTG-PT, PDTG-BTz and PDTG-DFBT films drop cast 
from chlorobenzene 
Thin film morphology of the polymers was investigated using wide angle X-ray 
scattering (WAXS) measurements on films prepared by drop casting from chlorobenzene 
onto glass substrates at room temperature (figure 3.8). The main diffraction peaks showed 
that for both PDTG-DFBT and PDTG-PT are clearly visible at 4.94° and 5.16° (2θ) 
respectively, corresponding to the d-spacings of 17.91 Å and 17.11 Å which probably relates 
to the lamellar packing distance of the polymeric backbone.
[43,44]
 The results are similar to 
that observed with PDTG-BT drop casted film.
[13]
 However, on measurement of PDTG-BTz 
it is clear that this peak is no longer present, indicating a much more amorphous structure. 
The lack of this peak is believed to be due to the additional octyl solubilising side chain on 
the BTz acceptor monomer, which may prevent intercalation of the polymer chains and 
hinder lamellar packing. In addition, the combination of both the in-plane straight octyl chain 
and out of plane perpendicular branched 2-ethylhexyl side chains on the Ge bridging atom 
may hinder the ordering of the polymer in solid state. PDTG-PT also shows a weak 
diffraction peak around at 25.4° (2θ) which corresponds to a d-space packing of 3.5 Å and 
can be associated with the π-π stacking distance, similar to that observed in PDTG-BT. This 
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peak is also apparent in a similar region as a much broader and even less intense peak for the 
DFBT co-polymer, whereas for PDTG-BTz there is a no peak which corresponds well to 
what is thought to be the amorphous nature of the polymer. 
3.2.4 Photovoltaic Properties 
 
Figure 3.9. J-V curves (left) and EQE (right) of polymer solar cells based on polymer:PC70BM blends 
(1:2 weight ratio) without solvent additives 
Table 3.3. Summary of the short circuit current (Jsc), open circuit voltage (Voc), fill factor (FF) and 
power conversion efficiency (PCE) of OPV devices 
Polymer:PC70BM (1:2) in oDCB JSC (mA/cm
2) Voc (V) FF PCE (%) 
PDTG-BTz 6.17 0.70 0.56 2.4 
PDTG-DFBT 5.74 0.67 0.54 2.1 
PDTG-PT 17.7 0.61 0.43 4.6 
 
All three polymers were subjected to preliminary OPV testing by using a standard 
glass|ITO|PEDOT:PSS|Polymer:Fullerene-Blend|LiF|Al multilayer fabrication structure on a 
0.045 cm
2
 device area, measured under 100 mW cm
-2
 AM 1.5 illumination and averaged over 
at least five devices. After a quick screening of polymer:fullerene weight ratios of 1:1, 1:2 
and 1:3, it was found that the best device performance from all three polymers came from 1:2 
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prepared from ortho-dichlorobenzene (oDCB). Due to its strong absorption in the low 
wavelength region and its complementary nature to all the polymers, the fullerene acceptor 
[6,6]-PhenylC71butyric acid methyl ester (PC70BM) was chosen as the n-type material in the 
active blend. Initial results showed good potential for PDTG-PT with the highest PCE of 
4.6% while PDTG-BTz and PDTG-DFBT were 2.4% and 2.1%, respectively. J-V 
characteristics can be seen in figure 3.9 and the OPV properties are summarised in table 3.3. 
The initial results previously reported for PDTG-BT showed a high Jsc after device 
optimisation but rather low Voc (0.56 V) and FF (0.42) which overall limited the PCE to 
4.5%.
[13]
 In the case for all three variations there has been an increase in the Voc when 
compared to PDTG-BT. The boost in Voc for PDTG-DFBT and PDTG-PT is roughly in 
agreement with the increase in the obtained ionisation potentials with respect to PDTG-BT. 
This follows the general association that the Voc is related to the energy offset between the 
HOMO of the polymer (p-type) and LUMO of the PC70BM (n-type).
[54–56]
 Interestingly, 
PDTG-BTz was more inconsistent with an anomalously high Voc compared to the measured 
ionisation potential for the neat polymer, and the computational results which predicted the 
lowest ionisation potential amongst all three materials. Interestingly the corresponding Si 
bridged polymer, PDTS-BTz, also demonstrates an equally high voltage of 0.71 V, but lower 
overall efficiencies.
[50]
 We suggest that the potential explanation for this is due to differences 
in the polymer structure in the pristine film and in the blend film with PC70BM. From the X-
ray diffraction studies it is apparent that the cast film is amorphous, however from the UV-
Vis spectra in solution and film it is apparent that there is a propensity for the polymer to 
aggregate. The incorporations of PC70BM as a small molecule in the blend film however may 
facilitate a disruption to the packing and aggregation, increasing the chain disorder and 
reducing the effective conjugation length, thus resulting in an increased ionisation potential. 
The PDTG-BTz may be more prone to the effects of disorder than the other two polymers 
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due to the higher lying LUMO level which corresponds to reduced quinodal character of the 
conjugated backbone, in agreement with the solution 
1
H NMR results and the PL spectra. In a 
system with high quinoidal character the quinoidal form would give rise to an increased 
double bond character with Pz orbital overlap of the C-C bond from the D-A monomer 
linkage, resulting in increased rigidity and planarity of the polymer backbone and making it 
less susceptible to torsional disorder. It is also noted that the increase in ionisation potential 
has similarly been shown for P3HT when in a polymer:fullerene blend, again attributed to the 
effects of disorder.
[57]
 As shown in figure 3.10, and table 3.4, additional PESA experiments 
were performed on the blend film to probe this. For both PDTG-PT and PDTG-DFBT there 
were no observable differences in the ionisation potential between pristine polymer film and 
blend with fullerene. But for PDTG-BTz there was a small 0.05 eV increase in ionisation 
potential upon blending, which was consistently observed for the blend film. Although 
further investigation is required to fully account for the differences in Voc, we believe this 
effect, in combination with differences in recombination dynamics, may partially help to 
rationalise these results. 
 
Figure 3.10. PESA spectra for polymer:fullerene (1:2 weight ratio) blend film 
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Table 3.4. Ionisation potentials from PESA measurements on polymer and polymer:fullerene blend 
films 
 
Polymer HOMO (eV) Blend HOMO (eV) Difference (eV) 
PDTG-BTz -4.76 ± 0.05 -4.81 ± 0.05 0.05 
PDTG-DFBT -5.02 ± 0.05 -5.03 ± 0.05 0.01 
PDTG-PT -4.89 ± 0.05 -4.89 ± 0.05 0.00 
 
Out of the three DTG co-polymers, the only one which maintained a comparable Jsc to 
that of PDTG-BT was PDTG-PT, with the as cast device outperforming the PDTG-BT as cast 
device. Furthermore, large decreases in Jsc were seen from the other two co-polymers, PDTG-
BTz and PDTG-DFBT compared to PDTG-BT. For PDTG-BTz this can be explained on the 
basis of the decrease in the absorption range and increase in band gap, which give poorer 
spectral overlap with the sun and thus less photon absorption. The optical band gap (1.53 eV) 
for PDTG-DFBT is very similar to that of PDTG-BT and thus it is believed that the critical 
solubility issue causing the use of lower molecular weight fractions was the principle reason 
for the reduction in device performance here. Similarly, it has been shown that the lower 
molecular weight fractions of PDTG-BT have also seen a marked decrease in the 
photocurrent in blends with PC70BM.
[23,24]
 Very recently Ohshita and co-workers have 
reported an identical polymer to PDTG-PT with a quarter of the molecular weight (6.2 
kDa).
[58]
 This low molecular weight PDTG-PT also showed a marked decrease of the higher 
wavelength maxima which is associated to aggregations compared to the data presented here. 
When comparing further it is clear that this change in molecular weight and absorption has 
severely stunted the performance of the device when fabricated in a similar manner to our 
devices, with a Voc of 0.57, Jsc of 8.89 mA cm
-2
, FF of 0.57 and an overall PCE of 2.9% with 
the largest difference appearing in the Jsc. 
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The EQE of all three co-polymers showed good correlation to the UV-Vis absorption 
spectra shown earlier. It can be seen in figure 3.9 that for PDTG-PT there is a broad 
absorption for photocurrent generation even with in the longer wavelength regions and 
further showing a 50-60% EQE conversion over the whole absorption window. However 
both PDTG-BTz and PDTG-DFBT give a markedly lower conversion of 20% and 35% EQE 
respectively over a shorter EQE wavelength range. For PDTG-PT, even with a very low band 
gap of 1.32 eV, the EQE at 900 nm shows charge generation in the near infrared (NIR) 
region, which is one of a few co-polymers able to do so.
[37,59,60]
 
3.2.5 Thin Film Morphology 
 
Figure 3.11. AFM topography of a) PDTG-BTz:PC70BM, b) PDTG-DFBT:PC70BM, and c) PDTG-
PT:PC70BM 1:2 weight ratio blend films  
Limitations to the overall PCE of both PDTG-BTz:PC70BM and PDTG-
DFBT:PC70BM were due to the low Jsc (6.17 and 5.74 mA cm
-2
 respectively). It is well 
known that charge dissociation is partly related to the nanoscale morphology of the 
polymer:fullerene blend.
[61,62]
 Because of this close relationship of Jsc and FF with film 
morphology, atomic force microscopy (AFM) topography was implemented to analyse the 
surface of the active layer film. Films were prepared in an identical manor to those spun for 
solar cells, using a 40 nm thin layer of PEDOT:PSS. As can be seen in figure 3.11, large 
discrepancies in the topological behaviour can be seen in all three films. The most obvious 
case of phase separation can clearly be seen for the PDTG-BTz:PC70BM blend film. This 
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film consists of large globular features on the order of 100-200 nm which were thought to be 
the aggregation of fullerene and corresponded to a root mean square (RMS) surface 
roughness of 6.70 nm. This large separation upon spin coating must suggest a poor matching 
of mixing properties between the PDTG-BTz and PC70BM. Such large domains are generally 
considered as non-optimal or beneficial for good device performance.
[63–66]
 One possible 
explanation for the poor intermixing may be due to the higher alkyl chain density in 
comparison to PDTG-PT and PDTG-DFBT which may lead to poor intermixing with the 
fullerene, preventing intercalation of it and the polymer backbone. The topography 
measurement for PDTG-DFBT also gave an appreciable high RMS surface roughness of 6.77 
nm. The relatively poor solubility in oDCB and high susceptibility to aggregate from a heated 
solution may have assisted in inhibition of mixing with PC70BM. Expectedly, PDTG-
PT:PC70BM showed a much smoother film with the lowest RMS surface roughness of 1.78 
nm, most likely assisted by an improved mixing. This more intimate blend of 
polymer:fullerene can help explain the much greater increase in Jsc from interfacial area and a 
higher probability of charge separation when compared to the other two co-polymers. 
3.2.6 PDTG-PT OPV Optimisations 
Further optimisations for PDTG-PT were investigated due to its promisingly high 
initial performance. Optimisations were done using three high boiling processing additives; 
dimethylformamide (DMF),
[67]
 1-chloronaphthalene (CN)
[68]
 and 1,8-diiodooctane (DIO)
[69]
 
in different volumetric ratios in the hope to improve the low fill factor of the as cast device 
and can be seen in figure 3.12 and J-V properties summarised in table 3.5. The use of DMF 
and CN showed no appreciable increase in the overall efficiency. However, the use of DIO in 
2.5 vol% increased the device FF and afforded a small increase in PCE from 4.6% to 5.2% 
with a Jsc = 17.6 mA cm
-2
, Voc = 0.58 V and FF = 0.51. 
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Figure 3.12. J-V curves of PDTG-PT:PC70BM (1:2) with different additives 
Table 3.5. Summary of the Short Circuit Current (Jsc), Open Circuit Voltage (Voc), Fill Factor (FF) 
and Power Conversion Efficiency (PCE) of OPV Devices 
PDTG-PT:PC70BM (1:2) in oDCB JSC (mA/cm
2) Voc (V) FF PCE (%) 
5 vol% DMF 17.5 0.60 0.44 4.6 
3 vol% CN 18.7 0.61 0.43 4.9 
2.5 vol% DIO 17.6 0.59 0.50 5.2 
 
Recent publications concerning the PT monomer have demonstrated that the free 
nitrogen lone pair on the pyridine fragment is able to accept a Lewis acid through 
complexation or donation of electrons.
[70,71]
 It was shown that this complexation not only 
causes a reduction (i.e. moving closer to the vacuum level) in the HOMO but also a larger 
reduction in the LUMO energy and thus lowering the band gap. For a normal OPV device 
this may cause problems due to the inherently acidic nature of PEDOT:PSS which may limit 
the PDTG-PT:PC70BM system from its full potential. Recent studies have shown that the 
removal of the acidic hole injection layer and replacement with a solution processable nickel 
oxide injection layer resulted in a substantial improvement in device performance.
[72]
 This 
research by Olsen and Bazan prompted us to investigate use of molybdenum oxide (MoO3) as 
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the interface layer, removal of PEDOT:PSS and retesting of PDTG-PT:PC70BM in inverted 
device architecture. 
 
Figure 3.13. J-V curves (left) and EQEs (right) of PDTG-PT:PC70BM (1:2) with 2.5 vol% DIO in 
both normal and inverted devices  
Table 3.6. Summary of the Photovoltaic parameters and Power Conversion Efficiency (PCE) of 
normal and inverted PDTG-PT devices 
PDTG-PT:PC70BM (1:2) in oDCB 
2.5 vol% DIO 
JSC (mA/cm
2) Voc (V) FF PCE (%) 
Normal 17.6 0.59 0.50 5.2 
Inverted 19.6 0.59 0.57 6.6 
 
The inverted devices uses zinc oxide (ZnO) as the electron blocking layer in a 
glass/ITO/ZnO (~30 nm)/Active layer/MoO3 (10 nm)/Ag (100 nm) multilayer configuration 
also on a 0.045 cm
2
 device area. Similar to the optimised device structures in the normal 
device configuration, the inverted devices were made using 2.5 vol% DIO in oDCB. The zinc 
oxide was specifically made via the sol gel method due to its high performance properties,
[73]
 
and both the MoO3 and silver were deposited down by thermal evaporation under vacuum. 
The J-V and EQE device characteristics are shown in figure 3.13 and OPV properties 
summarised in table 3.6 for both the normal and inverted devices. Initial testing showed a 
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dramatic increase of 5.2% to 6.6% in the overall PCE. Both the Voc and Jsc stayed relatively 
similar, though a slight increase in Jsc was observed. However the most significant increase 
was mainly due to the FF from 0.51 in normal to 0.57 in inverted. The shape of the J-V curve 
seems to suggest an increase in the shunt resistance for the inverted device. High shunt 
resistance is normally linked with a reduction in leakage current which can be related to less 
leakage at the edge of the device and fewer pinholes/trapping sights within the film.
[74,75]
 
Also the use of ZnO and MoO3 may also have played a more fundamental role in assisting 
with vertical segregation with in the active film which may have improved charge extraction. 
It is also possible that the changing of the interlayer materials and thicknesses may have had 
beneficial optical interference effects due to the change in optical field density in the active 
blend film. Furthermore, having compared the EQE there is an increase of 18% in the overall 
photon to charge conversion from the 650-900 nm range resulting in an increase in overall 
current. There are two plausible explanations for this effect. The first is due to better 
extraction at the interface and reduced recombination. Alternatively PEDOT:PSS is known to 
absorb in the near-IR region. Thus removal of this layer may simply improve the amount of 
near-IR light reaching the active layer. This increase in efficiency from normal to inverted 
was also observed by J. Reynolds and co-workers for their studies on PDTG-TPD.
[31,76]
 For 
PDTG-PT the overall increase in efficiency was 1.4% showing an improved performance in 
an inverted device structure. 
3.2.7 Increasing Regioregularity 
From the positive results obtained from this study, the synthesis of the regioregular 
analogue of PDTG-PT (PDTG-PT-RR) was performed. Regioregularity in P3HT has shown 
to be key in device performance and is often associated with more efficient packing and 
increased crystallinity.
[77]
 In synthesising PDTG-PT-RR we hope to improve on the existing 
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properties such as fill factor. The synthesis of the PDTG-PT-RR was prepared using the bi-
coupling of DTG-Sn2 with two dibrominated-PT co-monomer units, similar to that reported 
by Bazan and co-workers.
[78]
 This monomer yielded 79% and gave a deep purple 
chromophore, isolated as a dark crystalline solid. The synthesis of PDTG-PT-RR resulted in a 
much higher molecular weight polymer compared to the PDTG-PT and because of its limited 
solubility in hot chlorobenzene could not be further fractionated using preparative GPC. 
Instead purification was accomplished using Soxhlet extraction in methanol, acetone, hexane 
and chloroform. Further extraction was required with chlorobenzene due to the majority of 
the polymer being left in the extraction thimble. The chlorobenzene extract give molecular 
weights similar to that of the previously reported regiorandom polymer. A further 387 mg 
was extracted by removal of the polymer from the extraction thimble, heating into 100 mL of 
chlorobenzene, filtering through filter paper at ~ 50 °C (before the polymer gelled) and 
removal of the solvent under vacuum. An increased yield was achieved from 7% 
(regiorandom) to 60% (regioregular) which most likely was a product of increased monomer 
purity. The solubility of the polymer was much different to the lower molecular weight 
regiorandom polymer, with PDTG-PT-RR only dissolving into hot chlorobenzene at ~80 °C 
and gelling upon cooling to ~50 °C in high concentrations (~20 mg/mL). This difference in 
solubility was most likely due to the high molecular weight of the polymer rather than the 
regioregularity, as the chlorobenzene Soxhlet extract was easily soluble in chlorobenzene and 
of similar molecular weight to the regio-random. The 
1
H NMR was taken from a low 
molecular weight chloroform soluble fraction of the polymer. Similar to the regiorandom 
polymer, the 
1
H NMR showed very broad peaks for both the aromatic and alkyl chain regions 
with no defining features which could be used for estimating the regioisomers. DSC 
measurements were performed on bulk polymer however no obvious thermal transitions were 
present from -20 to 350 °C. 
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The UV-Vis spectra were measured in solutions of chlorobezene and thin films spun 
from solutions of hot chlorobenzene (5 mg/mL). Figure 3.14a) showed large similarities 
between the solution and film spectra. In this case the solution spectra showed an increased 
long wavelength aggregation peak relative to the thin film which suggests that in a very dilute 
solution the polymer has a tendency to aggregate. Figure 3.14b) showed that the regioregular 
and regiorandom polymers still posess nearly identical spectra, despite the increase in 
molecular weight and regioregularity. As for solution however, figure 3.14c) showed a much 
increased aggregation peak for PDTG-PT-RR relative to the regiorandom polymer, which can 
be attributed to the increase in molecular weight and decreased solubility of the polymer in 
chlorobenzene.  
 
Figure 3.14. UV-Vis spectra of a) PDTG-PT-RR in solution (CB) and thin film, b) comparison of 
regioregular (RR) and regiorandom (RRa) thin films of PDTG-PT and c) comparison of regioregular 
(RR) and regiorandom (RRa) solution (CB) of PDTG-PT 
The initial physical and optical properties look to be promising. This high molecular 
weight regioregular batch has been synthesised for future studies into the effects of 
regioregularity on OPV. The use of GIWAX may be used to help determine any difference in 
packing or crystallinity in film and how this effect may be observed in terms of Jsc, Voc, FF 
and overall PCE. 
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3.3 Conclusions 
Three novel DTG based co-polymers were synthesised using Stille cross-coupling. 
Relationships between the structure, optoelectronic properties, morphology and device 
performance were probed and measured by a variety of analytical techniques (UV-Vis, 
PESA, PL, AFM and XRD) as well as the fabrication of working OPV cells. The 
comparisons of the three different electron deficient units show that both the small 
differences in structure and electron acceptor strength will create significant discrepancies to 
the ICT energy gap. Amongst the three co-polymers, PDTG-PT has shown the closest 
relationship to the previously reported PDTG-BT in terms of OPV performance, but benefits 
from a greatly reduced band gap. PDTG-PT showed an improvement in the Voc, Jsc, FF 
which can ultimately be seen in the PCE. 
The performances of PDTG-PT with PC70BM in OPV devices were respectable with 
and without additives showing a high EQE at longer wavelengths. Further optimisation using 
an inverted device structure to afforded 6.6% PCE, mainly as a result of enhanced EQE in the 
650-900 nm wavelength region. The greatly increased long wavelength absorption 
consequently means that PDTG-PT may be a promising candidate for use in tandem OPV 
devices due to the high efficiency at very low band gaps (Eg
opt
 = 1.32 eV). It is noted that 
PDTG-PT having a PCE of 6.6%, is the highest reported for all co-polymers containing a 
germanium, carbon or silicon bridged bithiophenes with five-membered fused rings in the 
central core and having an Eg
opt
 below 1.4 eV. Based upon the promising performance of 
PDTG-PT further larger scale batches have been prepared for further study as well as an 
increased regioregular PDTG-PT. 
The need for highly controlled morphological BHJs will always produce significant 
challenges upon design and manufacture. Though the work presented here has been 
successful, the process of screening creates an unpredictable and unsystematic solution to 
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creating well defined morphologies and thus long lasting high efficiency organic solar cells. 
In the next chapter, methods of crosslinking and network forming will be explored and used 
to trap any thermodynamically favourable phase segregation. The influence of crosslinking 
on OPV performance will also be discussed. 
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CHAPTER 4      
Investigation of Radical and Cationic 
Crosslinking in High Efficiency Low Band 
Gap Co-Polymers for Organic 
Photovoltaics 
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4.1 Introduction 
In recent years there has been an increased interest in organic photovoltaics with 
power conversion efficiencies (PCE) as high as 7-8 % in single bulk heterojunction (BHJ) 
designs.
[1–3]
 Research has been dominated by the synthesis of novel low band gap polymers, 
especially in the synthesis of new donor monomers, typically comprising of fused aromatic 
rings in which good overlap of adjacent aromatic rings is ensured.
[4–7]
 This strategy has been 
mostly driven by empirical advances, combined with computational modelling to evaluate the 
optoelectronic properties. However, BHJ devices comprise of mixtures of two components 
and the complex microstructure on which performance is crucially dependent is influenced by 
miscibility and their tendency to crystallise and phase separate. This can be difficult to 
predict and control. Furthermore, changes to the active layer morphology over time or during 
operation, in which relatively high temperatures are reached will have a significant impact on 
the performance and lifetime of the cell. 
The lifetime of an organic photovoltaic (OPV) cell is also influenced by a number of 
factors, such as the chemical stability of the active layers and electrodes in the device. 
Chemical instability for example due to undesired oxidation by ambient oxygen can be 
reduced by controlling the electronic properties of the polymer. More specifically, this can be 
achieved by designing a polymer with a lower HOMO level such that its oxidation potential 
is increased. Another important factor is the oxidative stability of the low work function 
electrodes such as calcium, which are regularly used in laboratory OPV devices. Recent work 
in the literature has shown that multilayer encapsulation techniques may be one route to 
resolving this problem.
[8,9]
 However, research into the morphological stability of the active 
layer is less well advanced and there have been less reports of possible solutions to this issue. 
When designing a donor polymer it is important to pay consideration towards 
solubility as well as fullerene miscibility. Increasing the alkyl chain density and length can 
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give better solubility but decreased mixing with fullerenes, whereas a shorter solubilising 
chain may result in less soluble polymer.
[10]
 Desirable morphologies are thought to contain 
domain sizes on the order of 1-10 nm for effective charge separation.
[11]
 This has been 
typically achieved by manipulation of coating conditions, post processing thermal or solvent 
annealing and by the choice of solvent and processing additives. In many cases the 
microstructure of the blend can be considered kinetically trapped rather than 
thermodynamically preferred. As such, morphologies have been known to change over time 
and studies have shown that the fullerene in polymer:fullerene blends is able to diffuse within 
the amorphous regions of the polymer matrix of the active layer.
[12,13]
 Therefore, the lifetime 
or longevity of the device may be compromised by the reorganisation of fullerene to a more 
thermodynamically stable state over time.
[9]
 One possible approach to overcome this issue is 
to „lock-in‟ the optimum morphology by some type of chemical crosslinking after the active 
layer has been formed. Such approaches may also allow the patterning of the active area of 
the device, or aid in multi-layer solution processing. 
Crosslinking has been utilised for decades in the fields of plastics, oligomers and 
small molecules. Simply put, it is the linkage of polymer chains or molecules to each other 
via specific chemical functionality. When polymers, liquids or solids are crosslinked the 
fundamental properties of the materials change. Solids become insoluble, less flexible and 
typically increase the melting point of the material. Liquid polymers may convert to solids or 
gels. Crosslinking can be achieved using a variety of different chemical reactivities. For 
example, developments in „click‟ chemistry have enabled a wider range of functional groups 
to be readily incorporated in polymer backbone. There are many different reactions 
considered to be „click‟ chemistry such as; the azide alkyne Huisgen cycloaddition, thiol-ene 
reaction, Diels-Alder and nucleophilic substitution on strained ring systems.
[14]
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In organic semiconducting polymers, crosslinking of OPV donor polymers have been 
shown to stabilise the blend microstructure, principally by restricting the ability of PCBM to 
crystallise or aggregate in a blended thin film.
[15,16]
 Crosslinkable polymers also have other 
potential benefits, such as their use in bilayer devices where deposition of the second layer 
would not remove the first layer. In general, this may offer more trivial device fabrication 
methods by avoiding the use of orthogonal solvents and a reduction in pinhole formation in 
thin films.
[17]
 
One crosslinking method which has previously been used in OPV research is the alkyl 
bromide crosslinker. Though generally not thought to be a conventional crosslinker, the 
relatively small size and simplicity of terminal bromine, compared to other crosslinkers, 
means it is easily incorporated as a side chain on the conjugated backbone, potentially 
avoiding adverse effects compared to more reactive, bulkier crosslinking groups. The process 
of crosslinking is believed to be a radical based mechanism, whereby direct exposure to 254 
nm UV light causes homolytic cleavage of the carbon-bromine covalent bonds.
[18–20]
 The 
resulting bromine radical either abstracts a proton from nearby alkyl groups forming HBr and 
a carbon radical, or combines with another bromine radical to form molecular bromine. The 
carbon radicals formed go on to react with adjacent alkyl chains groups or even the polymer 
backbone, eventually forming C-C bonds which crosslink between polymer chains. Several 
reports have demonstrated the use of alkyl bromide crosslinkers in OPV blends, although the 
efficiencies have been generally low. Griffini et al showed that the use of terminal alkyl 
bromide functionality coupled with a relatively short exposure time to 254 nm UV light was 
sufficient to crosslink and make the polymer film intractable.
[16]
 Their performance in OPV 
devices showed an increase to that of their non-crosslinked counterparts and morphological 
stability was demonstrated. Fréchet and co-workers also reported a similar result using alkyl 
bromide containing polythiophenes. Polymers containing varying amounts of alkyl bromide 
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and similar to poly(3-hexylthiophene) were prepared, and it was demonstrated that the 
inclusion of the alkyl bromide did not significantly alter the performance of the polymer 
compared to P3HT. After crosslinking, significant differences were reported in PCBM blends 
upon accelerated aging at 150 °C for 24 hours compared to non-crosslinked films. Optical 
microscopy studies showed that crosslinked blends exhibited no observable differences in the 
film, whereas without crosslinking large PCBM aggregates formed under these conditions. 
Impressively, the polymer with 10% incorporated crosslinker was sufficient to show good 
thermal stability, with almost no drop in PCE after 50 hours of annealing at 150 °C.
[21]
 
Finally, a more recent paper by Zhan‟ao Tan and co-workers reported similar work using an 
alkyl bromide crosslinker in a low band gap co-polymer at 25% and 50% crosslinker 
incorporation.
[22]
 Similar to before, their paper demonstrates the polymers intractability as 
well as accelerated life time studies. 
Another crosslinking method which has attracted a lot of interest in organic 
semiconductors and OLEDs in particular is oxetane crosslinking.
[23]
 Oxetane groups 
polymerise via a cationic ring opening mechanism also known as CROP shown in figure 
4.1.
[24,25]
 In comparing oxetane to other cationic crosslinking groups like epoxides, the 
oxetane functionality is highly stable to a variety of chemical conditions, facilitating the 
synthesis of oxetane materials. Unlike the radical based crosslinking of alkyl bromides or 
acrylates, which are sensitive to oxygen, cationic polymerisation can be performed in ambient 
atmosphere. In addition the cationic reactive centre is generally less reactive and less prone to 
side reactions than highly reactive and non-selective radicals. The CROP mechanism requires 
small amounts of a photo-acid generator (PAG) to initiate the reaction. Many PAGs are 
commercially available and initiate at a variety of wavelengths, from UV to the near-IR. 
Following acid formation of the PAG, heat is generally applied in the form of a post-exposure 
bake in order to accelerate the crosslinking. Several conjugated polymers incorporating 
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oxetane functionality have been successfully crosslinked and photo-polymerised for OLED 
applications, but at the outset of this work there were few examples in OPV.
[26]
 
  
Figure 4.1. Proposed CROP mechanism 
One of the early studies of oxetane as a crosslinking group for conjugated material 
was by Nuyken and co-workers.
[27]
 They reported OLED materials containing oxetane could 
be crosslinked in the presence of a PAG (in this case ((4-
phenylthio)phenyl)diphenylsulfonium hexafluoroantimonate) and UV light, whilst still 
retaining its light emitting properties. Further work by Meerholz and Nuyken demonstrated 
that multi-colour light-emitting displays could be fabricated by various polymers 
incorporating oxetane, together with photo-patterning strategies.
[28]
 They further 
demonstrated the use of oxetane crosslinkers in hole transporting layers which exhibited good 
film forming properties and improved charge injection for OLEDs.
[29]
  
In this chapter we look to implement crosslinkable groups into low band gap polymer 
side chains in order to preserve favourable morphologies. A preliminary study of PCPDT-
BTz, which has been synthetically structurally modified, was used to evaluate the 
effectiveness of the bromine crosslinking moiety. We then develop these strategies with a 
higher efficiency polymer system PDTG-TPD, which has been previously reported. In both 
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studies we look in detail the effects of crosslinking on the optoelectronic properties. For 
PDTG-TPD, we utilise two crosslinkers, alkyl bromides and alkyl oxetanes in various ratios. 
Additionally, direct comparisons have been made alongside non-crosslinkable polymer 
controls, with the pros and cons of both crosslinking methods and physical properties 
investigated. The effect of crosslinker incorporation is investigated with regards to the device 
performance in OPV. Furthermore, the compatibility of processing additives (1,8-
diiodooctane (DIO) and 1-chloronaphthalene (CN)) with various crosslinking methods was 
investigated. Finally, this chapter highlights the effectiveness of crosslinkable and non-
crosslinkable polymers in OPV, the differences in device performance and morphological 
stability. 
4.2 Results and Discussion (PCPDT-BTz) 
We initially identified benzotriazole as interesting co-monomer for inclusion in 
potential low band gap polymers which might exhibit high efficiency in OPV devices and 
allow for the ready incorporation of various crosslinking functionalities. Recent work in 
literature has demonstrated benzotriazole containing donor-acceptor co-polymers to give 
efficiencies of 3.8% with PCBM.
[30]
 The potential advantage of benzotriazole over other 
possible acceptors co-monomers, was that the N atom in the 2-position has been shown to be 
readily alkylated, which offers increased solubility and a potentially simple route to the 
incorporation of various crosslinkers.
[31]
 Our initial studies focussed upon the use of alkyl 
bromide as the crosslinking group. 
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4.2.1 Synthesis 
 
Scheme 4.1. Synthetic scheme for BTz-Br and PCPDT-BTz co-polymer synthesis 
The synthesis of 4,7-dibromo-2-octyl-2H-benzo[d][1,2,3]triazole (BTz-C8) was 
previously reported by M. Leclerc and co-workers.
[32]
 It was relatively simple to adapt this 
synthesis to allow for the incorporation of the alkyl bromide crosslinker. Thus the 4,7-
dibromo-2-(6-bromohexyl)-2H-benzo[d][1,2,3]triazole (BTz-Br) crosslinkable derivative was 
synthesised by reaction of 1H-benzo[d][1,2,3]triazole with a large excess of 1,6-
dibromohexane in the presence of methanolic potassium hydroxide. The large excess was to 
overcome the potential of two BTz monomers reacting with one 1,6-dibromohexane. 
Subsequent dibromination of this BTz unit at the 4 and 7 positions was performed using 
elemental bromine and hydrobromic acid as the solvent.
[32]
 Both the precursor BTz-Br and 
the dibrominated co-monomer were purified by silica gel column chromatography and 
recrystallisation to give white crystalline solids. 4,4-Bis-(2-ethylhexyl)-4H-cyclopenta[2,1-
b;3,4-b']dithiophene (CPDT) was synthesised following the route described by R. Janssen 
and co-workers.
[33]
 The final stannylated monomer was prepared via a low temperature 
lithiation, followed by quenching with trimethylstannyl chloride at -78 °C. An aqueous work-
up afforded the crude product, which was used without further purification due to the rapid 
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degradation of the monomer upon attempted purification by chromatography over silica. The 
purity of the crude monomer as assessed by NMR was > 90%. 
The polymers were synthesised in a microwave reactor with a 1:1.1 mole equivalence 
excess of the stannylated monomer to compensate for the purity.
[34]
 A range of statistical co-
polymers containing different crosslinkable ratios were synthesised by altering the quantities 
of BTz-Br and BTz-C8 whilst maintaining the identical amount of CPDT monomer. The 
ratios were: no crosslinker (PCPDT-BTz-C8), 10% crosslinker (PCPDT-BTz-Br10%), 20% 
crosslinker (PCPDT-BTz-Br20%) and 100% crosslinker (PCPDT-BTz-Br100%), as shown in 
scheme 4.1. The microwave polymerisation was performed in super-heated chlorobenzene 
using tetrakis(triphenylphosphine)palladium(0) as the catalyst. After the reaction, all 
polymers were precipitated in methanol and purified via Soxhlet extraction with acetone to 
remove catalyst residues. The remaining solid polymer was dissolved in chloroform and 
precipitated into methanol. All the polymers possessed good solubility in hexane likely due to 
the high alkyl chain density. The molecular weights, as measured by gel permeation 
chromatography (GPC) are shown in table 4.1, and are relatively consistent with a Mn in the 
range of 10 kDa. We ascribe the relatively low molecular weight mainly due to the purity of 
the distannylated CPDT monomer. It should be noted, due to the lack of equipment at the 
time of synthesis, further purification by preparative GPC was not possible as reported in 
earlier chapters. The high solubility of the polymers also prevented further fractionation of 
the molecular weight and narrowing of PDI via the standard route of Soxhlet extraction, to 
remove low weight oligomers. In all cases, the final polymers were washed with sodium 
diethyldithiocarbamate trihydrate to extract any residual palladium, extracted in hexane and 
washed with excess water before being precipitated out as black fibres from methanol and 
dried under vacuum. 
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The polymer 
1
H NMR spectra showed broad peaks from which the incorporation of 
bromine was easily distinguishable due to the unique chemical shift from the adjacent 
hydrogen atoms to the bromine terminating groups (~3.5 ppm). Theoretical amounts were 
determined by molar ratio of monomers. For PCPDT-BTz-C8, PCPDT-BTz-Br100% and 
PCPDT-BTz-Br10% the 
1
H NMR spectra showed good correlation with the expected integrals. 
PCPDT-BTz-Br20% showed a larger integral than expected for BTz-Br relative to the aromatic 
protons from the polymer, measuring to ~25% incorporation instead of the expected 20%. 
However, with the baseline noise and the poor resolution from polymer 
1
H NMR, this may 
fall into the experimental error of the measurement. 
Table 4.1. Physical and optoelectronic properties of all PCPDT-BTz co-polymers 
Polymer 
Mn 
(kDa) 
Mw 
(KDa) 
PDI 
λmax (sol) 
(nm) 
λmax (film) 
(nm) 
% BTz-Br by 
1H NMR 
PCPDT-BTz-C8 11 20 1.8 595, 627 592, 630 0 
PCPDT-BTz-Br10% 10 18 1.7 595, 627 592, 630 10 
PCPDT-BTz-Br20% 11 19 1.7 595, 627 592, 630 25 
PCPDT-BTz-Br100% 11 19 1.7 600, 633 602, 643 100 
4.2.2 Optical and Electrochemical Properties 
The normalised UV-Vis spectra for the four co-polymers of PCPDT-BTz were 
measured in a solution of chloroform and films spin coated from a solution of chloroform (5 
mg/mL). As shown in figure 4.2 and table 4.1, all polymers show a maxima and shoulder 
peak in both solution and thin film. In solution the main absorption is around 630 nm, with a 
slightly weaker shoulder around 595 nm. Upon film formation the relative ratios of the two 
peaks changes for all polymer, with the former shoulder around 595-600 nm now becoming 
the main absorption for all four polymers, and the former maximum now becoming a 
shoulder around 630 nm. On comparison of the four polymers, PCPDT-BTz-C8, PCPDT-
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BTz-Br10% and PCPDT-BTz-Br20% have almost identical spectral shape both in solution and 
in thin film, which implies that low concentrations of bromine in the side chain have little 
effect on the polymer‟s optical properties. For all three of these polymers there is only a small 
shift in the peak maxima upon film formation, which may suggest that the polymers are 
already co-planar or aggregated in solution at room temperature. For the polymer with a 
higher concentrations of bromine, PCPDT-BTz-Br100% the optical absorption properties 
change subtly. Thus both in solution and the solid phase, the absorption of both peaks is red 
shifted with respect to the other polymers, by ca. 5 nm in solution and ca. 10 nm in film. In 
addition, the relative heights of the two peaks are different for this polymer compared to the 
other three, with the longer wavelength peak being higher in relative intensity to the shorter 
wavelength peak. Concentration dependant UV-Vis measurements were taken from ~1×10
-4
, 
1×10
-5
, 1×10
-6
, 1×10
-7
 and 1×10
-8 
M solutions in chloroform for all polymers to measure for 
possible aggregation effects. However, the normalisation and comparison of these spectra 
suggested that the relative heights of the absorption maxima compared to the shoulder did not 
change with concentration suggesting that intermolecular aggregation was not a factor. One 
possible explanation for the difference between PCPDT-BTz-Br100% and the other three 
polymers could be from the increase in BTz-Br and its possible polarising effect on the 
backbone. Figure 4.2a) inset shows an enlargement of the maxima and shoulders and upon 
closer observation this effect also seems prevalent in both the 10% and 20% BTz-Br 
incorporation, which also follows the same trend.  
From the film spectra we can estimate the band gap using the UV-Vis long 
wavelength onset. Again PCPDT-BTz-C8, PCPDT-BTz-Br10% and PCPDT-BTz-Br20% 
presented the same value of 700 nm which corresponds to 1.77 eV and PCPDT-BTz-Br100% 
shows an onset at 716 nm which corresponds to 1.73 eV, a 0.04 eV difference. 
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Figure 4.2.a) Solution UV-Vis spectra from chloroform of PCPDT-BTz co-polymers. b) Film UV-Vis 
spectra of PCPDT-BTz-co-polymers 
Photo-electron spectroscopy in air (PESA) was used to determine the HOMO energy 
level of thin films of the polymer. Interestingly, as can be seen in table 4.2, the ionisation 
potentials (IP) increase as the content of BTz-Br is increased, from PCPDT-BTz-C8 (4.79 
±0.05 eV) to PCPDT-BTz-Br100% (4.94 ±0.05 eV). Since the hexyl spacer between the 
bromine and the backbone is too long to have a direct inductive effect, and the molecular 
weights of all four polymers are similar, we believe this may be morphological in origin. It 
may originate either from a slight twist to the conjugated backbone as a result of the alkyl 
bromide chain, or perhaps be due to differences in packing caused by either carbon-bromine 
chain end dipoles or simply the shorter chain length (hexyl bromide vs octyl). In any case the 
addition of the terminal bromine end group has further increased the ionisation potential 
which may help with its chemical stability.  
Unexpectedly there were a couple of differences in the optoelectronic properties of 
the PCPDT-BTz-Br100% and PCPDT-BTz-C8 despite similar molecular weights and aromatic 
backbone structure. From this is it clear that the role of the alkyl chain serves a more subtle 
purpose than to simply increase solubility. 
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Table 4.2. Ionisation potentials determined by PESA and band gap energies determined by UV-Vis 
onset of polymer thin films 
Polymer IP (eV) Optical Eg (eV) 
PCPDT-BTz-C8 4.79 ± 0.05 1.77, 701 nm 
PCPDT-BTz-Br10% 4.83 ± 0.05 1.77, 700 nm 
PCPDT-BTz-Br20% 4.92 ± 0.05 1.79, 695 nm 
PCPDT-BTz-Br100% 4.94 ± 0.05 1.73, 716 nm 
4.2.3 Crosslinking 
 
Figure 4.3. Preliminary studies of solvent resistivity in crosslinked polymer films: a) shows a polymer 
thin film after 50% of the film has been irradiated at 254 nm for 30 min. b) immersion of the film in 
chloroform. c) after film removal, clearing showing irradiated polymer is intractable 
Crosslinking with terminally functionalised alkyl bromides has been previously 
reported to be initiated by low power UV light (254 nm).
[18–20]
 Preliminary crosslinking 
studies demonstrated that films of PCPDT-BTz-Br100% became intractable after 30 minutes of 
UV (254 nm) exposure from a 15 W bulb under nitrogen. Figure 4.3 shows a film which has 
been exposed to UV light only on the right half of the film, whilst the left hand side has been 
kept covered with aluminium foil. After exposure the films were dipped into chloroform, 
which is a good solvent for the polymer. The results clearly demonstrated that the crosslinked 
side became intractable to chloroform, whilst the unexposed polymer was washed away. A 
control experiment using just PCPDT-BTz-C8 shows the polymer was still fully soluble after 
UV irradiation as expected. These preliminary studies demonstrate proof of crosslinking, 
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however to understand better the amount of time needed for crosslinking a more quantitative 
study was performed.  
 
Figure 4.4.a) Normalised film retention of PCPDT-BTz-Br10%, PCPDT-BTz-Br20% and PCPDT-BTz-
Br100% and b) Normalised absorbance of PCPDT-BTz-Br100% after varying times of UV irradiation 
Initial quantitative crosslinking studies were performed by irradiating a set of 
identical spun cast films with a UV light (254 nm) from a 15 W bulb under a nitrogen 
atmosphere. Each film was placed at a 2 cm distance from the lamp and each film exposed 
for set time lengths. Once exposed the films were then measured with UV-Vis spectroscopy. 
The uncrosslinked or excess polymer was then extracted using chloroform. This was 
achieved by submerging the entire polymer film into chloroform for 30 seconds. Films were 
then removed and left to dry for 5 minutes at room temperature before the UV-Vis was 
measured again. The percentage retention was calculated from the division of the UV 
maxima of both before and after washing in chloroform. Initial quantitative crosslinking 
studies of the polymer film showed good correlation to the incorporation of crosslinker 
present. As can be seen in figure 4.4a), films of PCPDT-BTz-Br10% showed poor film 
retention even after 60 min of UV (254 nm) exposure. The situation was improved with 
higher alkyl bromide content, and PCPDT-BTz-Br20% required approximately 60 min before 
becoming fully insoluble in chloroform. Films of PCPDT-BTz-Br100% required the shortest 
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crosslink time of only 5 min. The poor film intractability of PCPDT-BTz-Br10% is likely due 
to the relatively low degree of polymerisation, since on average there are likely only one or 
two crosslinkable monomers per polymer chain. At such low amounts of the crosslinker, it 
can be difficult for the reactive radical chain ends formed after cleavage of the C-Br bond to 
find and react with each other, and therefore the likelihood of each polymer chain forming 
enough crosslinks to become intractable is low. Similar results have also been reported in 
literature with an oxetane crosslinker.
[29]
 Thus, even after 1 hour of UV exposure there was 
little ability to become insoluble. 
It is important to note that the actual degree of crosslinking is unknown and is 
difficult to measure in film. This study only presents the intractability of the polymer film in 
chloroform, which is sufficient for the purposes of these studies, but gives little in the way of 
quantifying the number of crosslinks which may have occurred in the designated time frame. 
We also note the films were intractable in a range of other solvents, such as chlorobenzene 
and toluene. 
As shown in figure 4.4b) the UV-Vis absorption spectra of PCPDT-BTz-Br100% thin 
films changes after irradiation and crosslinking. Whilst the onset remains similar, the longer 
wavelength peak is diminished in intensity and the maxima also blue shifts. These results 
may be explained by a couple of factors. The first explanation could simply be a change in 
the morphological structure. The removal of the terminating bromine groups would leave a 
polymer structure similar to that of the PCPDT-BTz-C8, but with hexyls (C6) rather than 
octyls (C8). As shown in figure 4.2 the spectra of PCPDT-BTz-C8 is similar in shape to the 
crosslinked UV-Vis spectra. Another possible effect may be quenching of the longer 
wavelength peak due to the presence of bromine and/or HBr formed during the crosslinking. 
A short study showed that exposure of a polymer film to bromine vapour quenched the 
absorption peak and a strong absorption began to appear in the IR region at 1000 nm. The 
110 
presence of small amounts of bromine in the film may be enough to quench the polymers 
absorption and thus change the shape of the curve. In this case it is clear that excessive UV-
irradiation has had a detrimental effect on the optoelectronic properties of the film, and 
because of this the 5 mins irradiation was chosen for crosslinking studies in devices. 
4.2.4 OPV Properties 
Initial OPV studies were performed using a 
glass|ITO|PEDOT:PSS|Polymer:Fullerene-Blend|LiF|Al device structure and measured under 
100 mW cm
2
 AM 1.5 illumination. Polymer:PC60BM blends were solution processed from 
chlorobenzene (22.6 mg/mL) and averages were taken over five devices with a device area of 
0.06 cm
2
. Polymers were screened at 1:1 and 1:2 weight ratios with PC60BM. The results 
showed the best performance from a 1:1 device. PCPDT-BTz-Br100% was tested alongside 
PCPDT-BTz-C8 as the control. All processing was performed under an inert nitrogen 
environment.  
As shown in table 4.3 and figure 4.5, initial as cast devices showed relatively low 
overall PCEs which was mainly due to the poor FF and Jsc. Though relatively low, the PCEs 
between the two polymers were similar. As shown in figure 4.5 the J-V curves of the as cast 
devices showed that PCPDT-BTz-Br100% exhibited an increased Jsc compared to that of 
PCPDT-BTz-C8, which may be indicative of better intermixing in the morphology or charge 
transport in the polymer layer. However, PCPDT-BTz-C8 blends exhibited a higher Voc 
compared to that of PCPDT-BTz-Br100%, despite the ionisation potential of the brominated 
polymer being higher. Since the Voc has been closely related to the energy gap between the 
HOMO of the p-type material and the LUMO of the n-type material it is unclear to why there 
is such a difference in Voc, although it has been shown that Voc is dependent on the degree of 
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recombination in the device.
[35]
 Thus differences in Voc may be related to non-optimal 
morphology in the as-cast devices.  
4.2.5 Crosslinking Effects on OPV Performance 
 
Figure 4.5. a) J-V curves and b) histogram of the PCEs of PCPDT-BTz-Br100% and PCPDT-BTz-C8 
with a variety of different treatments (explanation of treatments can be found above in table 4.3) 
Table 4.3. Averaged OPV device characteristics of both PCPDT-BTz-Br100% and PCPDT-BTz-C8 
Polymer:PC60BM treatment Jsc (mA/cm
2) Voc (V) FF PCE (%) 
PCPDT-BTz-Br100% 
as cast 2.92 0.54 0.41 0.61 
annealeda 3.76 0.66 0.28 0.59 
UV exposedb 0.52 0.30 0.36 0.05 
bothc 4.65 0.68 0.33 0.94 
PCPDT-BTz-C8 
as cast 1.72 0.69 0.53 0.60 
annealeda 0.61 0.64 0.31 0.11 
crosslinkedb 1.45 0.69 0.50 0.48 
bothc 1.10 0.57 0.42 0.24 
a) Annealed at 160 °C for 10 min 
b) Exposed to 254 nm UV light for 5 min 
c) First crosslinked then annealed according to b) and a) 
 
After selection of appropriate OPV conditions, further studies into the crosslinking of 
the OPV device were explored, using the optimal 5 min exposure. As shown in table 4.3 and 
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figure 4.5, the results show that there is a clear reduction in performance of the PCPDT-BTz-
Br100% device, with PCEs dropping to 0.06% efficiency after crosslinking only (films were 
exposed to UV prior to deposition of the LiF/Al cathode). In contrast, performing the same 
treatment to PCPDT-BTz-C8 did not result in a significant change in device performance 
compared to the as-cast device. Thus we believe the reduction in performance for the alkyl 
bromide containing polymer must relate to UV light induced cleavage of the C-Br bond. One 
explanation could be that the radical formed, after cleavage of this bond, could result in the 
degradation of the conjugated polymer backbone. In this case a permanent reduction in 
performance would be expected. However, we find that the solar cell performance is 
significantly enhanced by annealing the cell under nitrogen prior to deposition of the cathode 
(see figure 4.5). Hence we propose the reduction in performance may be due to the effects of 
residual HBr or Br2 in the active layer formed during the crosslinking process. Such species 
might be expected to dope the polymer, or degrade the interface electrodes. We believe that 
the post crosslinking anneal removes these volatile species from the film. 
As shown in figure 4.5 and table 4.3, it is clear that there is a definite benefit from 
annealing after crosslinking, and in contrast simply annealing the film seems to have little 
effect on the film efficiency for PCPDT-BTz-Br100% compared to the as cast film. In the case 
of PCPDT-BTz-C8, although UV exposure has little effect, thermal annealing results in a 
significant reduction in cell performance, mainly due to a reduction in photocurrent and fill 
factor. Thermal annealing after UV exposure also resulted in a reduction in performance, 
although to a slightly lesser degree. The reduction in both photocurrent and fill factor 
suggests that detrimental changes to the thin film microstructure may be occurring during the 
annealing process. Therefore it was important to look at the thin film and to probe the surface 
of the active layer to further understand the effects with crosslinking and annealing. 
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Optical transmission microscopy was used to evaluate the films of polymer:PC60BM 
blends before and after crosslinking and annealing for PCPDT-BTz-Br100% and before and 
after annealing for PCPDT-BTz-C8. Figure 4.6 shows both as cast films display no obvious 
signs of large scale phase separation or crystallisation. However after annealing there is clear 
formation of globular structures in the PCPDT-BTz-C8:PC60BM blend. In agreement with 
previous reports, we believe these features are related to the diffusion and aggregation of 
PC60BM. The increased size of the PC60BM domains would decrease interfacial surface area, 
which is very closely linked to the Jsc and FF. This has been known to impede exciton 
transport and splitting, and results in low Jsc, low FF and low efficiency devices.
[36,37]
 
 
Figure 4.6. Transmission optical microscopy of the thin films (polymer:PC60BM 1:1 blend) of the as 
cast and the crosslinked and annealed films (50µm inset bar) 
In contrast, comparison of the as cast and crosslinked and annealed PCPDT-BTz-
Br100% shows there was no observable change to the film properties, suggesting large scale 
detrimental segregation was not occurring. Upon examination of the J-V curves it was clear 
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that annealing after crosslinking resulted in a substantial improvement in Voc, giving a similar 
value to that produced by PCPDT-BTz-C8, as well as Jsc. It may be that crosslinking of the 
polymer helps to suppress large scale aggregation of the polymer, and that the annealing 
therefore promotes smaller scale, desirable aggregation as well as potentially removing 
volatile dopants from the film.  
Though it was clear that there was strong large scale segregation in the PCPDT-BTz-
C8 film after UV irradiation and annealing, the length scale limitations associated with 
transmission optical microscopy prevented closer analysis. Therefore AFM analysis was 
performed, as shown in figure 4.7 (equivalent topographic images to films shown in figure 
4.6). Interestingly, the blend of PCPDT-BTz-C8 shows a pronounced globular structure (RMS 
of 5.71 nm) even in an as cast film (figure 4.7b)) when compared to PCPDT-BTz-Br100% 
(RMS of 0.43 nm) (figure 4.7a)). This suggests that segregation may already be occurring 
during the coating procedure, and that annealing further enhances the segregation effect. 
After annealing of PCPDT-BTz-Br100% a very smooth film is observed (RMS of 0.70 nm) 
with no notable features, whereas PCPDT-BTz-C8 displays large circular structures on the 
order of 600 nm in diameter (RMS of 11.95 nm), clearly supporting the large scale 
segregation seen optically. This finding suggests that the terminal addition of the bromine 
groups appears to improve the polymers miscibility with PC60BM, even in as-cast films, and 
that crosslinking of the films prior to annealing appears a useful route to maintain the 
morphology of the films. These results also suggest that even slight modification to the 
polymer solubilising side chains can result in large differences in its morphological and 
physical properties. It is important to note this in particular, when arguing for the benefits of 
crosslinking via chain end modification. Finally it appears the crosslinking of the polymer 
films not only results in the formation of intractable layers which are potentially useful for 
multi-layer processing, but also assists in stabilising the blend microstructure, suppressing 
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large scale segregation upon thermal annealing. Such results suggest that the long term 
stability of the device, particularly during heating from direct sunlight, may be improved. 
 
Figure 4.7. AFM studies of polymer:PC60BM thin films a) PCPDT-BTz-Br100% as cast, b) PCPDT-
BTz-C8 as cast, c) PCPDT-BTz-Br100% crosslinked and annealed and d) PCPDT-BTz-C8 UV 
irradiated and annealed 
4.3 Conclusion  
The synthesis of a novel donor-acceptor co-polymer was reported using CPDT and 
BTz as the co-monomers. A crosslinkable variant incorporating an alkyl bromide crosslinking 
group (BTz-Br) was prepared, and random co-polymers incorporating varying amount of 
BTz-Br and BTz-C8 were synthesised. Analysis of the polymer incorporating varying degrees 
of BTz-Br against the standard non-crosslinkable variant showed that there are distinct 
differences in the optoelectronic and morphological properties for high content of BTz-Br 
versus polymers with lower or no content. The co-polymer containing high levels of alkyl 
bromide groups, PCPDT-BTz-Br100% was shown to readily crosslink upon UV irradiation to 
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afford intractable films. These differences between both PCPDT-BTz-C8 and PCPDT-BTz-
Br100% resulted in differences in the overall PCE for as-cast films. Upon UV irradiation and 
subsequent annealing the PCE was increased for PCPDT-BTz-Br100% but decreased for 
PCPDT-BTz-C8, which did not possess the crosslinking functionality. Further investigation 
into the film morphology from a combination of optical microscopy and AFM showed that 
there were significant differences between the polymers, even for as cast films. The 
crosslinked polymer film did not undergo any obvious changes in microstructure upon 
annealing, whereas the non-crosslinked polymer exhibited significant phase segregation upon 
annealing. 
These preliminary results have highlighted the effect of chain end modification as 
well as crosslinking and film treatment with UV light and annealing. In order to develop a 
better understanding into the effects of crosslinking it would be beneficial to see their effects 
on a well-studied higher performing polymer. The next section of this chapter will look at the 
synthesis and incorporation of crosslinking groups on a well-studied polymer system 
poly[(4,4-bis(2-ethylhexyl)-4H-germolo[3,2-b:4,5-b']dithiophen-2-yl)-(5-octyl-4H-
thieno[3,4-c]pyrrole-4,6(5H)-dione)] (PDTG-TPD). Two different crosslinking units are 
explored and their pros and cons evaluated. A similar comparison of their optoelectronic, 
OPV and morphological properties is performed and some interesting processing aspects 
highlighted in the active layer film treatment studies. 
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4.4 Results and Discussion (PDTG-TPD) 
4.4.1 Synthesis 
  
 
Figure 4.8. a) Synthetic route for monomer, b) Nomenclature of polymers to their respective 
crosslinking percentage, c) general synthetic route for polymer synthesis 
4,4-Bis(2-ethylhexyl)-2,6-bis(trimethylstannyl)-4H-germolo[3,2-b:4,5-b']dithiophene 
(DTG-Sn2) and 1,3-dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD) were synthesised 
by literature procedures.
[16,38,39]
 However, the purification of DTG-Sn2 was complicated due 
to its chemical instability towards column chromatography over silica. Therefore, purification 
was performed by preparative gel permeation chromatography (GPC) on a crosslinked 
polystyrene size exclusion column using hexane as the eluent. The TPD oxetane, bromide 
and octyl variants where then synthesised according to a modification of literature procedure, 
as shown in figure 4.8a).
[16]
 Hence TPD was deprotonated with sodium hydride in DMF, and 
the appropriate alkylating agent was subsequently added. In the case of 1,6-dibromohexane, 
excess reagent was added in order to prevent the reaction of two TPDs with one 1,6-
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dibromohexane. Figure 4.8b) shows the nomenclature which will be used to denote the 
percentage crosslinker in the polymer backbone. Percentages refer to the statistical amounts 
of co-monomers added at the beginning of the reaction. Based upon the previous results, a 
20% and 100% incorporation of the two crosslinking groups was chosen. The 20% statistical 
co-polymers were synthesised using a 0.2 mol equivalence of the desired crosslinking TPD 
monomer (TPD-Ox or TPD-Br) with 0.8 mol equivalence of the TPD-C8. Five co-polymers, 
shown in figure 4.8c), were synthesised via a microwave assisted Stille coupling method in 
chlorobenzene. After precipitation, they were dissolved in chloroform then washed in sodium 
diethyldithiocarbamate trihydrate to extract any residual palladium before being precipitated 
into methanol. Soxhlet extraction was performed with methanol, acetone and hexane to 
remove catalyst residues and low weight oligomers.
[34,40]
 Finally, the remaining polymer was 
extracted into chloroform and the polymer was further fractionated by preparative GPC in hot 
chlorobenzene (80 °C). This method was used to modulate the molecular weights and narrow 
the polydispersity (PDI) for all five PDTG-TPD polymers.
[41]
 
All polymers demonstrated reasonable solubility in common organic solvents like 
chloroform and chlorobenzene. The molecular weights were measured by GPC relative to 
polystyrene standards, as shown in table 4.4 which shows the number average molecular 
weight (Mn), degree of polymerisation for Mn (DPn), weight average molecular weight (Mw), 
degree of polymerisation for Mn (DPw) and polydispersity (PD) of all five polymers. 
Polymers showed similar molecular weights with narrow polydispersities making them 
comparable for testing. We note however the PDTG-TPD-Ox100% and PDTG-TPD-Br100% 
show a slightly lower Mn despite the use of preparative GPC. 
1
H NMR for all polymers in CDCl3 showed very broad peaks, which may be due to 
aggregation of the polymer in solution. Heating to 40 °C experiment offered very little 
improvement. Nevertheless, experimental crosslinker incorporation was calculated from the 
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1
H NMR spectra of both PDTG-TPD-Ox20% and PDTG-TPD-Br20%. For PDTG-TPD-Ox20%, 
it was expected that the integral ratio between the aromatic DTG proton environment (8.60-
7.30 ppm) and the oxetane proton environment (4.51 and 4.35 ppm) would give a result of 
1:0.4. Experimentally a ratio of 1:0.38 was observed, within the error of the experimental 
technique for the expected value. For PDTG-TPD-Br20% the ratio was observed to be 1:1.1 
(aromatic DTG proton environment (8.60-7.30 ppm):CH2 adjacent to the TPD nitrogen + 
CH2 adjacent to the bromine on TPD-Br (3.71-3.43 ppm)) which is in agreement with the 
theoretical incorporation taken from the reaction stoichiometry. 
Table 4.4. Molecular weight, degree of polymerisation, polydespersities and optoelectronic properties 
of all five co-polymers 
Polymers 
Mn 
(kDa) 
DPn 
Mw 
(kDa) 
DPw PD 
λmax (sol) 
(nm) 
λmax (film) 
(nm) 
IPa 
(eV) 
Eg
b 
(eV) 
LUMOc 
(eV) 
PDTG-TPD-C8 49 68 62 86 1.27 679, 618 681, 620 5.2 1.7 -3.5 
PDTG-TPD-Br20% 44 60 71 97 1.63 679, 618 681, 620 5.2 1.7 -3.5 
PDTG-TPD-Br100% 25 32 35 45 1.41 675, 617 678, 619 5.3 1.7 -3.6 
PDTG-TPD-Ox20% 39 53 72 98 1.86 679, 618 681, 620 5.2 1.7 -3.5 
PDTG-TPD-Ox100% 29 36 42 56 1.46 675, 617 678, 619 5.3 1.7 -3.6 
a) Measured using photo electron spectroscopy in air  
b) Band gap extrapolated from the onset of optical absorption;  
c) LUMO estimated from IP and Eg 
 
Differential scanning calorimetry (DSC) and thermo gravimetric analysis (TGA) were 
both performed under an inert atmosphere of nitrogen on all co-polymers. DSC 
measurements showed no obvious transitions from -20 °C to 330 °C for all co-polymers. 
However, TGA of PDTG-TPD-C8, PDTG-TPD-Ox100% and PDTG-TPD-Br20% shows 5% 
mass loss at 431 °C to 433 °C, while PDTG-TPD-Ox20% shows a 5% mass loss at 450 °C and 
PDTG-TPD-Br100% at 385 °C. The TGA shows that there are no low temperature 
decompositions, and since the chemical composition of the backbone is similar for all 
polymers, it suggests that the 100% alkyl bromide incorporation may be the reason for the 
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earlier decomposition temperature of PDTG-TPD-Br100%. In any case, all of the temperatures 
are much higher than any planned annealing temperature. 
 
Figure 4.9. TGA trace of all five co-polymers, heating rate 10 °C/min under nitrogen 
4.4.2 Optical and Electrochemical Properties 
The UV-Vis spectra shown in figure 4.10 were measured in chlorobenzene solution at 
room temperature and thin films spin coated from a solution of chlorobenzene (5 mg/mL). 
All polymers exhibited similar shape spectra for both solution and film measurements, with a 
pronounced double peak in all cases around 680 nm and 620 nm (table 4.4). There was 
almost no change in the position of the absorption maxima (±2 nm shifts) upon film 
formation. Upon comparison of the five polymers, it is clear that the parent alkylated polymer 
(TPD-C8) and both polymers with 20% crosslinker groups show almost identical spectra, 
with very little difference in the relative heights of the two absorption peaks, both in solution 
and thin film. This suggests, similar to the results for PCPDT-BTz, that there is relatively 
little effect to the absorbing polymer backbone and packing of the polymer, when only 20% 
crosslink density is used. However, for the 100% oxetane and bromine containing polymers it 
can be seen there is a change in the relative peak amplitude of the two maxima, with the long 
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wavelength peak reducing in relative absorption versus the shorter wavelength peak. Since 
the relative ratios of these two peaks are often related to coupling of the transition dipoles in 
the solid state, this suggests that high amounts of the relatively large crosslinking groups are 
influencing the polymer packing and microstructure. Interestingly, this trend contradicts the 
earlier results where the PCPTD-BTz-Br100% gave an increased aggregation peak relative to 
PCPDT-BTz-C8. It was noted that the change in spectra may also be related to the lower 
degree of polymerisation for both of the 100% polymers. However, we believe that the 
molecular weights are sufficient to be above the effective conjugation length in both cases, so 
the origin is more likely related to the high percentage of crosslinking groups. The long 
wavelength onset for all polymers is 730 nm, corresponding to an optical band gap (Eg) of 
1.7 eV.  
 
Figure 4.10. UV-Vis spectra of all polymers in (a)) solution (CB) at room temperature and (b)) thin 
films (spin coated from CB).  
The HOMO level of polymer thin films was determined using photo-electron 
spectroscopy in air (PESA) and shown in table 4.4. The LUMO was estimated by the addition 
of the optical Eg to the HOMO. Encouragingly, the HOMO values are all in the range of -5.2 
to -5.3 eV, and fall within the standard error of 0.05 eV associated with this particular 
measurement. These results further back up the evidence that the 20% and non crosslinkable 
polymer are optically and electronically very similar. For both of the 100% crosslinkers (Br 
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and Ox), a slightly lower HOMO of -5.3 eV is observed, which could be due to the 
crosslinker functionality interrupting the packing and backbone planarisation. 
4.4.3 Photovoltaic Properties 
Table 4.5. Table of photovoltaic properties of all five PDTG-TPD co-polymers in a polymer:PC70BM 
ratio of 1:2, averaged over 5 devices, as cast and with 5 vol% DIO additive  
 As Cast DIO 5 vol% 
 
Voc 
(V) 
Jsc 
(mA/cm2) 
FF 
PCE 
(%) 
Voc 
(V) 
Jsc 
(mA/cm2) 
FF 
PCE 
(%) 
PDTG-TPD-C8 0.85 3.20 0.59 1.61 0.81 10.39 0.58 4.88 
PDTG-TPD-Ox20% 0.86 3.84 0.49 1.63 0.79 12.22 0.62 6.00 
PDTG-TPD-Ox100% 0.80 2.44 0.24 0.48 0.83 6.71 0.37 2.09 
PDTG-TPD-Br20% 0.86 3.78 0.52 1.70 0.86 14.32 0.60 7.35 
PDTG-TPD-Br100% 0.89 6.10 0.34 1.85 0.89 9.57 0.40 3.44 
 
Photovoltaic devices were measured using a 
glass|ITO|PEDOT:PSS|Polymer:Fullerene-Blend|LiF|Al device structure and measured under 
100 mW cm
2
 AM 1.5 illumination. Polymer:fullerene bulk heterojunctions were solution 
processed from chlorobenzene. All polymers were screened in 1:1, 1:2, 1:3 and 1:4 ratios 
against PC70BM. Due to the low band gap absorption of the polymer, PC70BM was used to 
complement and capture the low wavelength of the visible spectrum. As shown in table 4.5, 
the best performances were obtained in a 1:2 polymer:PC70BM weight ratio for all polymers. 
PCEs from as cast devices through the series are similar with the anomaly of PDTG-TPD-
Ox100%. Following literature by Reynolds and co-workers, further optimisation showed that 5 
vol% DIO increased PCE to up to an average of 7.35% as shown in table 4.5.
[2]
 Both of the 
alkyl bromide crosslinkers gave a higher efficiency compared to that of the analogous 
oxetane. The 100% crosslinker polymers show a decrease in overall PCE compared to their 
20% and non crosslinkable equivalent polymers. The limiting factor for both the PDTG-TPD-
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Ox100% and PDTG-TPD-Br100% is the fill factor along with a small drop in current in 
comparison to the 20% crosslinkable polymers. The differences may be due to changes in the 
blend microstructure from the addition of functional groups at the solubilising chain end. 
Similar results have been seen from Bao and co-workers when altering the side groups with 
terminal siloxane groups.
[42,43]
 Our results further highlight the importance of alkyl chain 
effects on morphology and device performance. In this case having an oxetane or bromine 
group on each repeating unit of the polymer has a greater influence on device performance 
compared with the lower crosslink densities. 
 
Figure 4.11. XRD trace from chlorobenzene drop cast films 
In order to investigate the possible influence of the end group on polymer 
morphology, X-ray diffraction (XRD) results were obtained from drop cast films prepared 
from solutions of polymer dissolved in chlorobenzene (5 mg/mL) (we note the diffractometer 
was not sufficiently sensitive to use spin cast films). The XRD traces are shown in figure 
4.11. The polymers appear mostly amorphous, with a lack of clearly resolved diffraction 
peaks. However, PDTG-TPD-Br20% shows a more pronounced peak at 4.68° (2θ), 
corresponding to a d-spacing of 18.87 Å, most likely related to the distance between 
conjugated polymer backbones. There is also a suggestion of a broad peak around 24.27° 
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(2θ), corresponding to a spacing of 3.6 Å which may be the π-π distance. It is interesting that 
the polymer which displays the most pronounced signs of crystallinity also shows the best 
device performance. 
4.4.4 Crosslinking Studies 
Bromide and oxetane end groups crosslink by two different mechanisms namely free 
radical and cationic.
[25,44]
 Here we investigated the crosslinking of PDTG-TPD-Br20% and 
PDTG-TPD-Ox20%, since the OPV results suggested these were the most promising 
polymers. To gauge the necessary amount of curing, film retention studies were performed 
similar to that reported in literature and earlier in this chapter,
[16,21,22]
 by normalisation of the 
UV-Vis absorption spectroscopy before and after washing (in chloroform) of the crosslinked 
films. For PDTG-TPD-Br20%, 15 mg/mL solutions were spin coated and photo-crosslinking 
was performed in a nitrogen glove box. Varying times of deep-UV exposure from a 15 W 
hand held UV lamp (254 nm) were used. As can be seen in figure 4.12 the film without UV 
treatment shows complete solubility after washing. However, 20 min of UV exposure 
afforded 80% film retention and 30 min gave near 100% film retention. 
Similarly, films were prepared form 15 mg/mL solutions of PDTG-TPD-Ox20%. In 
this case due to the cationic crosslinking mechanism, PAGs were required to initiate the 
polymerisation. The use of both N-hydroxynaphthalimide triflate and tris(4-tert-
butylphenyl)sulfonium triflate PAGs were investigated. Preliminary attempts at crosslinking 
were investigated using 1 wt % of PAG, exposed to UV light (365 nm) for 10 min, and 
followed by heating to 100 °C for 10 min. However, these initial attempts proved 
unsuccessful. An attempt to increase the percentage weight to 5 wt % was also explored, 
however showing a similar result to 1 wt % for both PAGs. Further stress testing by 
increasing temperature to >150 °C and heating times to 30 minutes eventually resulted in the 
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desired intractable polymer film. Nevertheless, the use of PAG was problematic with PDTG-
TPD-Ox20% for a couple of reasons: 1) requiring unfavourably high temperatures (>150 °C) 
and long heating times to afford crosslinking. Such high temperatures were thought to be 
unfavourable to the blend. 2) It was noticed that at increased concentrations at 5 wt % PAG 
there was significant issues with de-wetting of the polymer solution. The difficulties may 
have been due to the low 20% crosslink density, which may have reduced the probability of 
oxetane groups being in close enough proximity to react, as well as reducing the ability of the 
catalytic species to migrate from oxetane to oxetane. Because of these results another method 
was investigated, namely the use of a volatile acid as catalyst. Trifluoroacetic acid (TFA) was 
chosen, as it is volatile and has a relatively non-nucleophilic counter ion. We hoped vapours 
of this acid could permeate through the film and initiate the CROP mechanism. The volatility 
also meant that most of the TFA could be removed by heating or vacuum treatment. 
Films of PDTG-TPD-Ox20% were spun as described in the method above and then 
exposed to TFA vapour for 5 minutes. Polymer thin films were placed in a glass petri dish 
containing a central shallow vial holding 0.5 mL of TFA. Warming to 100 °C on a hot plate 
created a sealed atmosphere containing TFA. Films were subsequently cooled, UV-Vis 
absorption measured, washed in chloroform as previously stated and the UV-Vis absorption 
measured again. It can be seen from figure 4.12, that 20 minutes at 100 °C resulted in 
approximately 75% film retention, but 30 minutes showed little improvement.  
In terms of the shape of the UV-Vis spectra, there was little change observed before 
and after washing of the films. Though it was observed that crosslinking in both cases gave a 
slight decrease in the long wavelength peak of the spectra relative to the shorter wavelength 
shoulder. This may be expected due to the reordering necessary for the crosslinking process 
to occur, we note however this was a minor change and the absorption maxima did not shift. 
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From these comparisons it is apparent that in terms of curing, the radical crosslinking 
is faster than the cationic method. This may be expected as UV light should be able to 
penetrate deep into the film, cleaving the C-Br bond and creating reactive radicals throughout 
the film. Whereas for the cationic polymerisation, the TFA that initiates the reaction needs to 
diffuse throughout the film to initiate the ring opening reaction. From the retention studies, 
the appropriate curing time of 30 minutes for both bromine and oxetane methods were chosen 
for crosslinking in OPV devices. 
 
Figure 4.12. Percentage retention after chloroform washing against crosslinking time for: a) PDTG-
TPD-Br20% with 254 nm UV light and b) PDTG-TPD-Ox20% with TFA vapour 
4.4.5 Crosslinking of Solar Cell Devices with 5 vol% DIO Additive 
Crosslinked devices were made using the optimal device parameters with 5 vol% DIO 
as stated earlier. PDTG-TPD-Br20%:PC70BM films were spun cast in a nitrogen atmosphere, 
and crosslinked before vacuum deposition of the LiF/Al contacts. Crosslinking was 
performed using the optimised conditions of 30 min of exposure to 254 nm light. Upon 
irradiation the OPV performance of the completed device suffered a significant drop in 
performance by 99% (figure 4.13) with decreased a Jsc and PCE. A short experiment where 
the time of exposure was reduced to only 5 minutes with 254 nm UV-light revealed that there 
was still a large degradation in device performance occurring. Our initial speculations were 
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that this may be due to residues from the crosslinking of the alkyl bromide in the polymer 
film (for example HBr or bromine). To test this hypothesis, films of PDTG-TPD-Ox20%, cast 
from identical solvent and DIO mixtures were, also exposed to 254 nm UV (note we did not 
expect this to crosslink the film). Interestingly this polymer which contains no alkyl bromide, 
showed an identical degradation in performance (figure 4.13), ruling out the possibility that 
the effect was due to residual HBr or bromine. An alternative explanation may be that the 
polymer backbone was degraded. However, such rapid polymer degradation was thought to 
be very unlikely and literature has also shown many studies in which UV crosslinking is 
demonstrated.
[16,21]
 Therefore we suspected that residual degradation from the additive DIO 
in the films could be the cause, despite being exposed to high vacuum (1×10
-7
-1×10
-9
 mbar) 
whilst thermally evaporating LiF and aluminium. Exposure to UV could likely trigger the 
homolytic fission of the carbon-iodine bond (similar to the alkyl bromide in the polymer), 
and the resulting alkyl and iodine radical may subsequently react in the film, with either each 
other, the polymer or the fullerene.
[45]
 Of course similar by-products would be expected 
during the crosslinking the PDTG-TPD-Br20% itself, but the actual amount of DIO in the film 
may be much higher than that of the alkyl bromide, and hence any detrimental effects 
exacerbated. Figure 4.13 shows the degradation effects to the J-V curves of a) PDTG-TPD-
Br20%:PC70BM and b) PDTG-TPD-Ox20%:PC70BM. The same drop in rate occurred for both 
polymers which may be attributed to the same volumetric qualities of DIO used in the 
solution before spinning the films. Carbon-iodine bonds are known to be even more prone to 
homolytic fission of the bond than carbon-bromine because of the weaker covalent bond.
[46,47]
 
This makes it highly labile to deep-UV exposure. Surprisingly we can find no reports on the 
effects of UV exposure to residual DIO in the literature. With such labile carbon-iodine 
bonds, the use of DIO may not be suitable for OPV applications as the long term exposure of 
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sunlight may result in similar degradation effects if not sufficiently removed. Consequently 
this may eventually result in losses in Jsc and FF on the performance and shelf life. 
 
Figure 4.13. Degradation of photovoltaic performance from a) PDTG-TPD-Br20% and b) PDTG-TPD-
Ox20% with 5 vol% DIO additive 
Our attempts to remove DIO were performed by leaving the devices under vacuum 
(1×10
-2
 mbar) for 2 to 24 hours before UV exposure. 2 hours was insufficient and resulted in 
similar effects to the freshly spun devices, whereas the 24 hour vacuum treatment resulted in 
a smaller loss in Jsc but still a large FF loss, suggesting the additive was not fully removed. 
These results have large consequences for commercialisation and printing of solar cells as 
devices would have to avoid the use of DIO or find non-reactive alternatives. Due to this 
implication another additive was sought after.  
4.4.6 Investigating Chloronaphthalene as an Alternative Additive 
Due to the stability problems associated with the films cast with DIO, an alternative 
additive was considered, which could still afford high efficiency devices but demonstrate 
improved UV stability. Chloronaphthalene has been much investigated as a high boiling point 
additive,
[48]
 and unlike the alkyl iodide, the aromatic carbon-chlorine bond is much stronger 
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and stable towards UV light. Different concentrations of CN 3, 4, 5 and 6 vol% were first 
screened in the same device structure as reported earlier. The optimum performance was 
achieved with 4 vol% of CN with both PDTG-TPD-Br20% and PDTG-TPD-Ox20%. As shown 
in table 4.6, the use of CN boosted FF, Jsc and overall PCE for all polymers by approximately 
1% compared to the use of DIO. CN has previously been suggested to promote phase 
segregation of PCBM in P3HT:PCBM cells,
[49]
 affording higher degrees of polymer 
crystallinity when compared to neat polymer film without PCBM, which was ascribed to the 
slower evaporation rate of the high boiling additive. This gives rise to a super saturated 
regime allowing more time for the alkyl chains to self-organise. In our case, similar effects 
may help to explain the increase in Jsc and FF by improved thin morphology and thus better 
charge extraction in the active layer.
[49]
 The improvement of photocurrent and fill factor 
suggest an improvement in exciton harvesting and charge extraction, which may indicate an 
increase in donor-acceptor interfacial area and improved ordering of the polymer films upon 
spin coating. The best performing device was again PDTG-TPD-Br20% with an average PCE 
of 7.88%, followed by PDTG-TPD-Ox20% with an average PCE of 7.05%. Interestingly the 
performance of both of the 100% polymers also improved and can be seen in table 4.6. It 
should also be noted that these efficiencies, which have been measured in a normal device 
architecture, are on par to those reported for the best inverted device structure by J. Reynolds 
and co-workers.
[39]
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Figure 4.14. As cast polymer:PC70BM (1:2) devices with 4 vol% CN 
Table 4.6. OPV performance of polymer:PC70BM (1:2) blend (CB) with 4 vol% CN averaged over 
five devices 
Polymer:PC70BM + 
CN 4 vol% 
Voc (V) 
Jsc 
(mA/cm2) 
FF PCE (%) 
PDTG-TPD-C8 0.81 11.63 0.62 5.79 
PDTG-TPD-Ox20% 0.84 13.24 0.63 7.05 
PDTG-TPD-Ox100% 0.82 9.76 0.41 3.29 
PDTG-TPD-Br20% 0.84 15.06 0.63 7.88 
PDTG-TPD-Br100% 0.84 10.96 0.44 4.07 
 
4.4.7 Crosslinking of Solar Cell Devices with 5 vol% CN Additive 
Having substituted DIO for CN, further crosslinking studies with PDTG-TPD-Br20% 
were performed using the same crosslink parameters as shown earlier in the crosslink study. 
Gratifyingly, the results showed a significant improvement to the previous study using DIO, 
although a slight deterioration was observed (figure 4.15a) and table 4.7), mainly as a result 
of a reduction in Jsc and FF. Similar to our earlier discussion we believe this degradation may 
have been due to the formation of HBr and/or bromine within the film during the crosslinking 
process. Attempts to remove these residual by-products were investigated by either post-
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crosslinking annealing (120 °C and 150 °C for 5 minutes) and/or extended treatment under 
high vacuum (1x10
-2
 mbar for 1 hour). In either case no significant improvement were 
observed in the post crosslinked device, which may indicate that by-products were not the 
cause for the reduction in the performance, but rather other unidentified effects. 
 
Figure 4.15. Initial crosslinked (dashed) and non-crosslinked (solid) devices of PDTG-TPD-Br20% and 
PDTG-TPD-Ox20% with 4 vol% CN 
Table 4.7. OPV properties of crosslinked devices of PDTG-TPD-Br20% and PDTG-TPD-Ox20% with 4 
vol% CN 
Polymer:PC70BM + CN 4 vol% Voc (V)  JSC (mA/cm
2)  FF  PCE (%)  
PDTG-TPD-Br20% 0.82 13.12 0.66 7.11 
PDTG-TPD-Br20% crosslinked
(a) 0.84 10.72 0.52 4.65 
PDTG-TPD-Ox20% 0.83 10.52 0.66 5.79 
PDTG-TPD-Ox20% crosslinked
(b) 0.86 12.73 0.46 5.02 
a) Crosslinked using 254 nm UV light for 30 min 
b) Crosslinked using TFA vapour at 100 °C for 30 min 
We also investigated the crosslinking of the PDTG-TPD-Ox20%/PC70BM blend with 4 
vol% CN. In this case, crosslinking was initiated by exposing the films to TFA vapour in a 
nitrogen atmosphere for 30 min, followed by a thermal bake at 100 °C. Following the 
deposition of the cathode, the device performance is shown in figure 4.15b), and summarised 
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in table 4.7. Interestingly we find that the photocurrent increases after crosslinking, from 
10.52 to 12.73 mA/cm
2
, although the fill factor reduces from 0.66 to 0.46 resulting in an 
overall reduction of PCE from 5.79 to 5.02% in this batch of devices. The increase in 
photocurrent may indicate that a change in morphology has occurred during the crosslinking 
process, possibly as a result of the thermal baking at 100ºC following TFA exposure. 
4.4.8 Differences of Crosslinking Between Polymer and Polymer:PC70BM Films.  
These results have prompted us to re-evaluate the effectiveness of crosslinking in a 
blend film. Having established that crosslinking can be performed without causing significant 
device degradation, further film retention studies were performed using blend films on 
Glass|ITO|PEDOT:PSS in order to best simulate device conditions and reaffirm the films 
solvent resistance. Several papers have used the pure polymer films to exemplify 
crosslinking, but crosslinking studies of a blend with fullerene have rarely been 
investigated.
[16,21]
 Films were deposited using the same methodology as for OPV fabrication 
with the 4 vol% CN additive. The films were then crosslinked with varying amounts of time, 
either with UV (254 nm) exposure (for PDTG-TPD-Br20%) or heated to 100 °C under a TFA 
vapour atmosphere (for PDTG-TPD-Ox20%). Similar to earlier, film retention was determined 
by a normalised loss in absorption at the UV maxima. From this study, it can be seen that 
there is little correlation of crosslinking in a thin film and BHJ. Surprisingly, in a blend of 
PDTG-TPD-Br20%:PC70BM (1:2) with 4 vol% CN, UV light was unable to increase the films 
solvent resistance to chloroform, which raises a question of effectiveness on the use of alkyl 
bromine crosslinker in a blend. Even though it is well studied as a crosslinkable group for 
OPV devices it seems that in this case there is little to no effective film retention in a blend 
even up to 60 minutes of 254 nm UV exposure. This might be due to a number of factors 
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such as the reaction of the alkyl end group radicals with PC70BM, the absorption of UV light 
by the fullerene and thus acting as a UV screening layer or possibly both.
[50]
 
 
Figure 4.16. a) film retention study of PDTG-TPD-Ox20%:PC70BM (1:2) blend with 4 vol% CN. b) 
UV-Vis spectra of crosslinked (in TFA vapour/100 °C/60 min) glass|ITO|PEDOT|PDTG-TPD-
Ox20%:PC70BM (1:2) with 4 vol% CN, before and after washing 
  Crosslinked            Crosslinked and Washed 
 
Figure 4.17. 2D representation of a polymer(green):fullerene(maroon) blend after being crosslinked 
before and after washing in chloroform 
In contrast, the cationic crosslinking of blends of 1:2 PDTG-TPD-Ox20%:PC70BM 
with 4 vol% CN in TFA vapour proved to be much more effective to that of the PDTG-TPD-
Br20%. However, the new film retention studies in a blend showed that the rate of solvent 
resistance in chloroform for the pristine and blend films were not the same (figure 4.16) as 
was previously hoped. Upon comparing the UV-Vis absorption spectrums from this study, a 
70% reduction can be seen at 450 nm after crosslinking and washing in chloroform whilst 
retaining the peak associated with the polymer at 680 nm. The drop in this region has been 
attributed to a drop in PC70BM. One explanation for the loss of PC70BM may have been due 
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to the swelling of the crosslinked polymer in chloroform thus allowing for the release of 
PC70BM upon washing, as shown schematically in figure 4.17. This suggests that even 
though the polymer was intractable, the fullerene, which was blended into the film, was not. 
Interestingly, with the removal of PC70BM it is clear that the absorption spectra closely 
resembles that of the pure polymer thin film, further suggesting that the polymer has not 
degraded during the crosslinking process. Although this shows that PC70BM is able to freely 
move, crosslinking may still help to slow detrimental aging of the blend film. In addition, it 
may be possible to pattern and crosslink the pure polymer film, before subsequent solvent 
swelling in the presence of fullerenes to allow the laterally patterned blend films. However, in 
order to form fully intractable blend films, it may be necessary that both the polymer and 
fullerene contain crosslinkable functionality.  
In order to investigate the role of curing with UV and crosslinking with TFA on OPV 
device performance, we fabricated devices with PDTG-TPD-Br20%:PC70BM and PDTG-TPD-
Ox20%:PC70BM (1:2) blends, with 4 vol% CN, both with and without crosslinking. We further 
investigated the stability of both sets of devices under accelerated aging conditions – namely 
thermal annealing. Devices were annealed at 120 °C over a period of 5, 10 and 30 min. 
Although devices are not expected to reach this temperature during any real life applications, 
this temperature was chosen since any issues regarding blend stability (for example 
detrimental large scale phase separation) are likely to happen more rapidly at this 
temperature. Thus devices were fabricated as reported above, and then annealed for the 
appropriate time and temperature within a glove box, before cooling to room temperature and 
measured. The results are shown in table 4.8 and figure 4.19. 
The first important point is that in this particular batch of devices, the overall 
efficiency of PDTG-TPD-Ox20% was considerably lower than that observed previously 
observed. This was the result of doubling the crosslinking times, from the new parameters 
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found from crosslinking in a polymer:PC70BM blend, thus a longer exposure to heat and 
TFA. To keep measurements consistent, the control devices with PDTG-TPD-Ox20% 
underwent heating in the absence of TFA to mimic similar strains and to give a direct 
comparison to the TFA crosslinked films. From these results, we were able to demonstrate 
that crosslinking the film by exposure to TFA vapour does not cause any more degradation in 
device performance to heating alone and exhibits similar overall PCE to the heated films. A 
close look at the OPV characteristics demonstrates that the crosslinked films have a 
considerably higher photocurrent than the non-crosslinked, although the fill factor is lower. 
The crosslinked PDTG-TPD-Ox20%:PC70BM blend film shows a steady reduction in 
performance over time, whilst the no-TFA heated control devices showed a large initial drop 
after 5 min, followed by a steady increase over time due to an increasing photocurrent. The 
improvement of the no-TFA heated control overtime may perhaps be related to crosslinking 
of the film by acid present in the PEDOT:PSS, which is initiated by the thermal treatment and 
then helps to stabilise the film morphology upon heating. 
 
Figure 4.19. Device performance of PDTG-TPD-Br20% and PDTG-TPD-Ox20%, crosslinked and non 
crosslinked at 120 °C overtime 
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Table 4.8. Averaged device performance of PDTG-TPD-Br20% and PDTG-TPD-Ox20%, crosslinked 
and non crosslinked at 120 °C overtime 
PDTG-TPD-Br20% annealing time (min) Voc (V) Jsc (mA/cm
2) FF PCE (%) 
Crosslinked 
254 nm/30 min 
0 0.82 10.59 0.53 4.59 
5 0.84 11.55 0.54 5.23 
15 0.84 12.22 0.51 5.27 
30 0.84 11.78 0.51 5.11 
non crosslinked 
0 0.85 13.97 0.60 7.06 
5 0.86 13.06 0.56 6.27 
15 0.85 13.63 0.55 6.38 
30 0.85 14.12 0.54 6.51 
 
PDTG-TPD-Ox20% annealing time (min) Voc (V) Jsc (mA/cm
2) FF PCE (%) 
Crosslinked 
TFA vapour/ 
100 °C/60 min 
0 0.86 12.48 0.43 4.62 
5 0.85 13.08 0.41 4.52 
15 0.83 12.05 0.41 4.07 
30 0.84 11.27 0.41 3.83 
non crosslinked 
100 °C/60 min 
0 0.82 9.84 0.54 4.34 
5 0.79 7.94 0.50 3.12 
15 0.80 8.47 0.47 3.21 
30 0.80 8.65 0.48 3.35 
 
In the case of PDTG-TPD-Br20% it appears that the UV exposure still results in a 
significant reduction in device performance versus the non UV exposed film. Subsequent 
thermal annealing then improves the performance of the crosslinked film slightly, and the 
performance seems relatively stable after 30 min. The non-crosslinked film showed similar 
behaviour. In conclusion it seems that the crosslinking does not result in a clear cut 
improvement of device stability, although it does improve film intractability in the case of the 
oxetane crosslinked polymer, which may be beneficial for multi-layer solution processing. 
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Atomic force microscopy (AFM) topography was used to probe the surface of the 1:2 
PDTG-TPD-Ox20%:PC70BM film without (figure 4.20) and with crosslinking (figure 4.21). 
The images of all films appear very similar, and no obvious change occur to the morphology 
of either the crosslinked or the non-crosslinked films during thermal annealing, despite the 
reduction in solar cell performance. Certainly there appears to be no growth of large domains 
during the annealing process, as has been seen in other reports. Indeed the surface 
morphology for all films appears to show good intermixing of the two materials, with no 
large features observed, in agreement with the high device efficiencies observed. We note 
from previous AFMs in this thesis, that films with large scale (50-200 nm) features typically 
give low efficiencies.  
RMS values shown in table 4.9 demonstrate the smoothness of each film. The lack of 
any obvious difference in film morphology overtime and with post heating (120 °C and 180 
°C) with or without crosslinking may indicate that the degradation in device performance is 
due to other factors apart from morphology changes, or perhaps more simply that the effects 
are more subtle than can be observed by AFM, which is only probing the surface 
morphology. Further investigations into the thin film morphology and long term stability are 
required. 
Table 4.9. RMS values from AFM thin films of PDTG-TPD-Ox20%:PC70BM (1:2) films + 4 vol% CN 
PDTG-TPD-Ox20%:PC70BM (1:2) 
films + 4 vol% CN 
non 
crosslinked 
RMS (nm) 
crosslinked 
RMS (nm) 
As cast 2.02 1.94 
100 °C/60 min 1.55 1.70 
120 °C/30 min 1.44 1.70 
180 °C/30 min 2.47 1.50 
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Figure 4.20. AFM topography of PDTG-TPD-Ox20%:PC70BM (1:2) film non-crosslinked at 10 μm
2
 
(left) and 1 μm2 (right) 
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Figure 4.21. AFM topography of PDTG-TPD-Ox20%:PC70BM (1:2) film crosslinked at 10 μm
2
 (left) 
and 1 μm2 (right) 
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4.5 Conclusion 
In conclusion four novel crosslinkable polymers were synthesised based upon PDTG-
TPD, and their optoelectronic properties and device characteristics in OPVs were measured. 
Comparisons of two crosslinking methods were performed for pure polymer films, and 
further studies for crosslinking within a polymer:fullerene blend showed significant 
differences to that of the thin film of pure polymer. Despite this we have demonstrated that 
the polymer incorporating 20% of the crosslinkable monomer demonstrated an improved 
overall PCE by increasing Jsc and FF when compared to the non crosslinkable polymer 
PDTG-TPD-C8. We also demonstrated that the selection of processing additive is very 
important when crosslinking devices with UV light, which alkyl iodide is a poor choice. We 
further demonstrate that the oxetane containing PDTG-TPD-Ox20% can be readily crosslinked 
by exposure to a saturated TFA vapour environment. Crosslinking by this route was 
successful for both pure polymer as well as blends with fullerene. In contrast although the 
alkyl halide containing PDTG-TPD-Br20% could be crosslinked by exposure to 254 nm UV 
light in a pure polymer film, this was unsuccessful for blend films. This may be due to 
absorption of UV light in the fullerene, or it is possible that the alkyl radical formed by UV 
induced cleavage of the alkyl halide chain reacts with the fullerene present, rather than with 
other radicals, thus preventing crosslinking of the polymer chains. A short accelerated 
lifetime study was performed showing moderate stability from the oxetane crosslinked 
polymer, whereas the crosslinked alkyl bromide containing polymer showed a lower PCE 
compared to the non-crosslinked.  
We believe that statistical co-polymers containing crosslinking groups show potential 
for OPV research. Crosslinkable polymers can lead on to a wider area of research such as; 
nanolithography, patterning and designable interfaces and morphology. Most of the 
crosslinkable polymers with a sufficient degree of crosslinking functionality have showcased 
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their intractability in a pristine polymer film after curing. However, it seems that the idea of 
radical crosslinking in a BHJ blend is somewhat more problematic than previously thought, 
due to the extra fullerene component. The use of oxetane for crosslinking to make intractable 
films was effective but may not be optimal for organic semiconducting properties as it was 
believed to require subtle reorganisation and coordination of two oxetane moieties before ring 
opening. Likewise, alkyl bromides may also not be ideal crosslinkers as the thin film studies 
with PCPDT-BTz-Br100% showed a change to the UV-Vis spectra after irradiation with UV 
light. Though the idea of thin film intractability is an appealing one, more work needs to be 
done to find a solution to improve the morphological packing following a curing step. In the 
next chapter we will look at incorporating thermally cleavable BOC groups into the electron 
accepting co-monomer. The removal of BOC on the electron accepting co-monomer should 
aid packing and increase polymer-polymer interactions and possibly have a positive influence 
on organic electronic devices. 
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CHAPTER 5         
Synthesis and Characterisation of 
Thermally Convertible Organic 
Semiconductors 
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5.1 Introduction 
Interest in polymeric materials for organic photovoltaic and organic field effect 
transistor (OFET) devices has recently surged, with significant improvements in device 
performance as a result. For the development of cheaper, flexible and easily mass producible 
electronic devices from organic semiconducting material, there has been a need to innovate 
and explore novel polymers for specialised processing techniques. When designing a 
semiconducting polymer, the nature and backbone density of the solubilising chains has a 
significant influence on polymer solubility and solution processability, however such groups 
may also hinder beneficial packing and orientation of the polymer.
[1]
 Therefore, post solution 
processing removal of these solubilising chains may be beneficial to the overall performance 
of the device. One attractive solution to this problem could be the use of thermally cleavable 
solubilising chains for organic semiconducting polymers. The removal of solubilising chains 
should decrease the materials solubility and render it intractable towards organic solvents. As 
films would become insoluble after treatment, multilayer device manufacture would be 
facilitated compared to soluble polymers. This has clear benefits for the fabrication of many 
types of organic electronic devices, including tandem OPV cells, top gate OFETs (where the 
dielectric needs to be deposited on the semiconductor) and OLED devices. These polymers in 
OPV devices could also act as good electron blocking layers to prevent shorts from occurring 
in the device or just an improved cascade of energy levels for effective charge transfer.
[2]
 
However, the challenge is to enable side-chain cleavage without damaging the conjugated 
backbone, in addition to ensuring that the side-chain residues are efficiently removed and do 
not act as electrical traps in the devices. These types of polymers have been studied by Krebs 
and co-workers in OPV. Their work on thermo-cleavable homo and co-polymers systems 
showed promise for the use of thermo-cleavage. However, their results have yet to produce 
similar efficiencies to those obtained by their soluble non functionalised equivalents.
[2–6]
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Figure 5.1. Cleavage of the soluble precursor (left) is utilised by a thermally activated retro Diels-
Alder reaction to yielding pentacene 
[7]
 
The removal of solubilising groups can be performed by a variety of approaches, but 
the most well developed are with heat treatment (thermally convertible groups) or light 
treatment (photochemical convertible groups). The use of thermo chemically convertible 
groups has been explored in OFET materials for over 10 years, with a particular emphasis on 
small molecule semiconductors. Pentacene is one of the best performing semiconductors in 
vacuum deposited OFET devices.
[8,9]
 However, their low solubility in organic solvents makes 
large area solution processing difficult. An innovative solution to this problem was first 
reported by Müllen and co-workers, who developed a pentacene precursor where the central 
ring of the pentacene was bridged by tetrachlorocyclohexadiene.
[10]
 The non-linear shape of 
this precursor prevented close packing of the molecules, and therefore exhibited good 
solubility. Upon heating, the pre-cursor underwent a retro Diels-Alder reaction, eliminating 
tetrachlorobenzene and generating pentacene in situ. Work by Afzali showed similar 
materials which undergo the retro Diels-Alder at lower temperatures, facilitating processing 
without compromising any of its characteristic properties in OFET devices (figure 5.1).
[7,11]
 
These precursors are now commercial available and can be purchased from companies such 
as Sigma Aldrich. 
Similarly, sexithiophenes have been known to be high performing in OFET but suffer 
issues with solubility.
[12]
 The addition of solubilising groups often diminish the performance 
of sexithiophenes due to unfavourable packing motifs.
[13,14]
 However, using a similar concept 
stated earlier, Fréchet and co-workers synthesised a soluble precursors to sexithiophenes.
[15]
 
These precursors are able to be solution processed and then chemically altered by thermal 
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cleavage of the ester groups at 200 °C. The results showed a distinct increase (from 1×10
-5
 
cm
2
V
-1
s
-1
 to 0.05 cm
2
V
-1
s
-1
) in mobility from the soluble as cast film to the thermochemically 
cleaved sexithiophene.
[15]
 
 
Figure 5.2. Boc-PTDPP by Yang and co-workers 
[16]
 
Another type of thermally convertible group is the tert-butoxycarbonyl (Boc) group. 
Boc groups are more commonly known for their use as a protecting group in organic 
synthesis and particularly biochemistry. Boc groups react readily with amines to form non-
nucleophilic amides. The amine group can readily be deprotected with acids such as trifluoro 
acetic acid (TFA) and hydrochloric acid (HCl). More interesting for organic semiconductors, 
the Boc protecting group has also been known to self deprotect under thermal stress, typically 
at temperatures above 150 °C. This reaction formed the basis of latent pigment technology 
developed by Ciba, in which pigments could be converted into soluble dyes by the addition of 
Boc group. Subsequent thermal conversion after solution processing afforded the original 
insoluble pigment.
[17]
 
As shown in figure 5.2, recent studies by C. Yang and co-workers have exploited this 
method by addition of Boc to diketopyrrolopyrrole (DPP) based polymers.
[16]
 In their results, 
the thermal removal of Boc caused a switch from p-type to n-type (hole mobilities of 1.3×10
-
2
 cm
2
V
-1
s
-1 
to electron mobilities of 4.6×10
-2
 cm
2
V
-1
s
-1
). This removal of Boc resulted in a 
reduction of the barrier for electron injection which they believed to be due to enhanced 
delocalisation effect across the LUMO. Other research of a similar nature by Y. Li and co-
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workers showed the use of an amide linkage in a similar type of thermochemical cleavage.
[18]
 
The results were less successful with the removal of the thermo cleavable functionality 
reducing the hole mobility from 9.6×10
-2
 cm
2
V
-1
s
-1
 to 7.8×10
-2
 cm
2
V
-1
s
-1
, which was thought 
to be due to the result of poor crystallinity after deprotection. Both of these papers highlight 
interesting aspects in the relationship of morphology to physical properties. Another 
interesting aspect, as highlighted by the authors of both papers, was the opportunity for 
increased hydrogen bonding between adjacent polymer backbones upon deprotection (figure 
5.3). Such bonding might be expected to promote interchain interactions and possibly 
improve charge carrier mobility. 
 
Figure 5.3. Increased hydrogen bond interactions from deprotection of Boc group 
The use of thermally cleavable small monomers and polymers also offers an 
opportunity to further control the device structure and properties by a method called 
thermochemical nanolithography.
[19]
 This method utilises a heated atomic force microscopy 
(AFM) tip to activate a thermal reaction. Due to the precise control offered by AFM, this can 
potentially be used to pattern a thermochemical polymer with small feature sizes (figure 5.4). 
A report by Riedo and co-workers used this technique to reduce layers of conductive 
graphene oxide at the nano scale, producing lines of 25 nm width. The treated areas were 
found to be four orders of magnitude more conductive than for the pristine graphene oxide 
alone.
[20]
 Similarly Cacialli and co-workers demonstrated the potential applications of the 
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thermochemical nano-patterning on a soluble poly(p-phenylene vinylene) (PPV) derivative. 
Heating this precursor above 200 °C resulted in elimination of tetrahydrothiophene and 
formation of the conjugated PPV in situ. Subsequent washing could remove the soluble 
precursor from the intractable PPV generated. Their method successfully demonstrated use of 
a heated atomic force microscope tip at 200 °C, high resolutions of 28 nm and fast write 
speeds.
[19]
 Both of these studies are proof of principle for patterning by this technique. This 
method coupled with the use of thermally cleavable polymers may be ideal for more 
fundamental studies on small area organic electronics in the future. 
 
Figure 5.4. a) spin coat film, b)use heated AFM tip to chemical convert polymer, c) soluble polymer is 
removed by rinsing with solvent  
In this final chapter we investigate the synthesis and material properties of a new class 
of thermally cleavable semiconducting polymers. Based upon our previous work on TPD, we 
identified this as an excellent choice for the inclusion of a thermally removable Boc group. 
Primarily because the imide functional group should readily functionalise with Boc, and on 
subsequent deprotection the imide can act as an H bond donor and acceptor. For the co-
monomer we choose a dialkylated CPDT due to its strong electron donating properties, high 
performance with TPD of 6.41 % PCE in OPV and its increased stability towards acidic 
conditions compared with DTS and DTG.
[21]
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We were aware from previous work in the group that Boc protected co-polymers had 
a generally poor solubility, so in our case we decided to make random co-polymer with 
additional octyl substituted TPD (TPD-C8) in order to retain some solubility and improve the 
polymer‟s molecular weight. Two statistical co-polymers are reported with varying amounts 
of TPD-Boc (20% and 40%). A comparison of the optoelectronic properties of these 
polymers to the control polymer (PCPDT-TPD with only TPD-C8) is made, as well as a 
preliminary investigation into the effects of Boc removal on the optoeletronic and 
morphological properties. 
5.2 Results and Discussion  
5.2.1 Synthesis 
The synthesis of 1,3-dibromo-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD-H) and 
1,3-dibromo-5-octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD-C8) was performed 
according to the previously reported literature.
[22]
 Interestingly the synthesis of 1,3-dibromo-
5-(tert-butoxycarbonyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD-Boc) has never been 
reported. We prepared this monomer using a modification of a mild literature procedure for 
Boc introduction by Marcadal-Abbadi and co-workers.
[23]
 Thus, simple stirring of an 
acetonitrile suspension of TPD-H in the presence of a catalytic amount of 4-
dimethylaminopyridine (DMAP) and di-tert-butyl dicarbonate (Boc2O) for one hour afforded 
high yields of TPD-Boc. The suspension dissolves over the course of the reaction as the TPD-
Boc is formed. Initial attempts to purify the crude product by recrystallisation from hot 
ethanol showed changes in the 
1
H NMR spectrum when compared to the crude. The ethanol 
may have partially trans-esterified with the TPD-Boc monomer to substitute the tert-butyl 
group in the large excess of solvent, or the heat upon recrystallisation may have been enough 
to partially degrade the monomer. In either case a lower boiling mixture of acetone:hexane 
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was found to be an excellent alternative to achieve recrystallisation of TPD-Boc. The 
structure was confirmed using 
1
H and 
13
C NMR spectroscopy, mass spectrometry and 
infrared (IR) spectroscopy. IR spectroscopy, as shown in figure 5.5a), confirms the 
incorporation of the carbamate linkage from the Boc group. Strong C=O and C-O stretches 
were seen in TPD-Boc at 1750 cm
-1
 and 1250 cm
-1
 corresponding to the Boc group and 
carbonyl stretches on TPD, which were much weaker for TPD-C8 due to the lack of Boc.  
 
Scheme 5.1 Generalised synthetic scheme for the statistical co-polymerisation of PCPDT-TPD-C8, 
PCPDT-TPD-Boc20% and PCPDT-TPD-Boc40% co-polymers 
Table 5.1. Physical properties of PCPDT-TPD-C8, PCPDT-TPD-Boc20% and PCPDT-TPD-Boc40%  
Polymer Mn (kDa) DPn Mw (kDa) DPw PDI 
PCPDT-TPD-C8 13 20 17 26 1.28 
PCPDT-TPD-Boc20% 11 17 14 21 1.26 
PCPDT-TPD-Boc40% 9 14 12 18 1.31 
 
The 4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']dithiophene (CPDT) was 
synthesised followed the procedure reported by Janssen and co-workers.
[24]
 Stannylation of 
this monomer was achieved by a lithiation with two equivalents of n-butyl lithium at low 
temperatures of -78 °C, followed by quenching with trimethylstannyl chloride at -78 °C. The 
crude product was extracted into hexane and washed with DI water followed by acetonitrile, 
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which removed an unknown strong red impurity. No further purification was performed due 
to the rapid degradation of the monomer upon attempted column chromatography over silica. 
1
H NMR was used to confirm the purity of the crude product, which was approximately 95% 
pure by integration of the aromatic hydrogens at 6.96 ppm (integral of 2) to the stannyl 
methyl groups at 0.38 ppm (integral of 17.1 (18 expected)), the remainder was 0.9. To 
compensate for the decreased purity a slight excess of the stannylated monomer was used 
(1.05:1 mole equivalence verses the TPD monomer mixture), a method previously reported 
by Bazan and co-workers.
[25]
 
We identified that the high temperatures normally used in microwave reaction 
polymerisations may be problematic in this case to the thermal instability of the TPD-Boc 
monomer. Therefore Stille polycondensation by conventional heating at 100 °C for three days 
in chlorobenzene was utilised to polymerise the monomers (scheme 5.1). Boc is also well 
known to be very acid labile,
[26–28]
 and therefore additional triethylamine was used to basify 
the polymerisation reaction mixture and neutralise any trace acid present in the solvent 
(chlorinated solvents can contain trace HCl) or the glass wall of the reactor tube. Our initial 
polymerisations without triethylamine afforded low molecular weight polymer after reaction 
at 110 °C, and the 
1
H NMR and TGA data showed no evidence for the Boc group being 
present in the product. After the polymerisation, careful modifications to the standard 
polymer purification were used to avoid unnecessary heating. Thus, the polymers were 
subjected to Soxhlet extraction with only acetone and hexane, before extraction with 
chloroform and subsequent precipitation into acetone and filtering. No further fractionation 
was performed as a precaution against undesired deprotection of the polymer inside the GPC 
column. 
The resulting three polymers were all soluble in chlorobenzene at room temperature. 
Molecular weights were determined by GPC against polystyrene standards (table 5.1). The 
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Mn showed a trend of decreasing molecular weight with increasing TPD-Boc content, which 
could be due to the reduction of the content of TPD-C8 in the backbone, decreasing the 
polymers overall solubility at higher molecular weights. 
1
H NMR spectroscopy was used to 
confirm the successful incorporation of TPD-Boc in the polymer, with the tert-butyl 
carbamate hydrogens clearly evident at 1.70 ppm. The expected and actual content of the 
residing TPD-Boc monomer can be extracted by taking the relative integrals of the Boc group 
and measuring it against the integral of the aromatic protons (8.00 ppm). However, the 
integrals could only be estimated due to the overlap of tert-butyl protons with signals from 
the alkyl side chain. For PCPDT-TPD-Boc20% we expect an integral ratio of 2:1.8 but get 
2:1.667 which correlates to approximately 19% TPD-Boc integration, and for PCPDT-TPD-
Boc40% we expect 2:3.6 but get 2:3.5 which correlates to 39% TPD-Boc integration. These 
values show good agreement with the expected values and the differences could have arisen 
due to the limitations inherent to 
1
H NMR spectroscopy. 
 
Figure 5.5. ATR FT-IR spectrum of a) TPD-C8 and TPD-Boc, monomers b) PCPDT-TPD-C8, 
PCPDT-TPD-Boc20% and PCPDT-TPD-Boc40% 
IR spectroscopy was also useful to confirm the polymer structure. The spectra of the 
two monomers, TPD-Boc and TPD-C8 are shown in figure 5.5a). There are two peaks are 
which are clearly attributable to the Boc group, namely the peak around 1250 cm
-1
 and the 
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broad absorption from 1780-1750 cm
-1
. Moving onto the polymers, in figure 5.5b) it is clear 
that there are subtle differences in the spectra on comparison of bulk polymeric solids. The 
peaks at 1783 cm
-1
 is not present in the PCPDT-TPD-C8 polymer, but grows in intensity for 
the two co-polymers containing TPD-Boc. Similarly the peaks around 1250 cm
-1
 are also 
absent in the PCPDT-TPD-C8 polymer, but grow in intensity with increasing Boc content. 
5.2.2 Thermal Properties 
 
Figure 5.6. TGA trace under nitrogen at 10 °C/min of a) TPD-Boc and b) PCPDT-TPD-C8, PCPDT-
TPD-Boc20% and PCPDT-TPD-Boc40% co-polymers 
Table 5.2. The calculated percentage weight after Boc removal 
Polymer 
expected wt% after 
deprotection 
observed wt% after 
deprotection 
TPD-Boc 76 74 (184 °C) 
PCPDT-TPD-Boc20% 97 98 (250 °C) 
PCPDT-TPD-Boc40% 94 95 (250 °C) 
 
To examine the thermal degradation of the Boc group, thermal gravimetric analysis 
(TGA) measurements were performed under nitrogen at a rate of 10 °C/min (figure 5.6). 
Initially we compared the TPD-Boc monomer with the TPD-C8 monomer. The TPD-Boc 
monomer shows a clear onset at 161 °C and shows a two-step transition. The first step can be 
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related to the loss of the Boc on the TPD. The mechanism of Boc removal is well understood 
with acids such as TFA and HCl, in literature,
[26–28]
 but less so by heat. The proposed 
mechanism, shown in figure 5.7, is thought to eliminate isobutene by an internal elimination 
mechanism following a 1,5-H shift (the retro-ene reaction) after which one molecule of 
carbon dioxide is also expelled. Such a loss would result in a percentage mass reduction of 
76%, which is calculated from the division of the molecular weights TPD-H/TPD-Boc. This 
value corresponds well to the initial mass loss observed in figure 5.6. We believe the second 
transition, with an onset at 248 °C, corresponds to breakdown of the alkylated imide ring 
(loss of octyl), followed by the thiophene ring itself. 
 
Figure 5.7. proposed mechanism for thermal deprotection 
The TGA traces of the three polymers are shown in figure 5.6b). It is immediately 
clear that the two TPD-Boc containing polymers exhibit an early onset mass loss that is not 
observed in the polymer not containing TPD-Boc. Furthermore, calculations of the expected 
mass loss for removal of the Boc group from each polymer give 97% for PCPDT-TPD-
Boc20% and 94% for PCPDT-TPD-Boc40%, which very close to the observed values (table 
5.2). However, the onset temperature for degradation to occur was significantly higher for 
both polymers, compared to the monomer, starting at approximately 200 °C. This may be due 
to an increased stability from the surrounding polymer matrix in the bulk polymer solid. On 
further heating, a second transition is observed around 300 °C, accounting for a further 1% 
mass loss. Interestingly this is also observed in the polymer containing no TPD-Boc, although 
it occurs at a slightly lower temperature (270 °C). Again the origin of this second peak is 
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unclear and as stated earlier could be due to the breakdown of the alkylated imide ring. 
Further studies using tandem TGA-Mass Spectroscopy are planned to examine the nature of 
the degradation. After this transition, all of the polymers are stable to above 400 °C which is 
significantly higher than any expected annealing temperatures. 
Table 5.3. Second DSC cycle showing the temperature maxima, onset and enthalpy of both the melt 
and crystallisation of all three bulk polymers 
  
PCPDT-TPD-C8 PCPDT-TPD-Boc20% PCPDT-TPD-Boc40% 
Melt 
Maxima (°C) 279 264 296 
Onset (°C) 253 242 263 
Enthalpy (J/g) 16.93 12.46 9.74 
Crystallisation 
Maxima (°C) 198 202 249 
Onset (°C) 211 217 258 
Enthalpy (J/g) 14.77 11.43 15.51 
 
Figure 5.8. DSC traces of PCPDT-TPD-C8, PCPDT-TPD-Boc20% and PCPDT-TPD-Boc40% co-
polymers (all exothermic down) 
Differential scanning calorimetry (DSC) measurements were also performed on all 
three polymers, from bulk powder to investigate the effects of the incorporation of the TPD-
Boc. The first and second heating/cooling cycles are shown in figure 5.8 and table 5.3. The 
third cycles were identical to the second cycle and are not shown for clarity. The control 
polymer PCPDT-TPD-C8 exhibited a melt and crystallisation transition at 279 °C and 198 °C 
respectively, with a melt and recrystallisation enthalpy of 16.93 and 14.77 J/g. The analysis 
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of the Boc containing polymers is complicated by the fact that the Boc undergoes thermal 
cleavage during the first heating cycle (at around 200 °C). In addition, the first melting may 
also be from a kinetically trapped morphology formed upon precipitation, which is different 
to the crystallised morphology. Nevertheless for the PCPDT-TPD-Boc20% polymer, it is 
apparent that the inclusion of 20% Boc only has minor effects on the thermal behaviour. 
After deprotection the polymer exhibited very similar melt and recrystallization transition to 
the parent polymer (264 and 202 °C respectively). The melting behaviour is different on the 
first and second cycle as discussed above. The similarity between PCPDT-TPD-Boc20% and 
the parent possibly indicates that there is little interchain interaction between the deprotected 
TPD units at this loading. However for the PCPDT-TPD-Boc40% co-polymer more significant 
differences were apparent. Although the melting on the first and second cycle was rather 
broad, the recrystallization peak was quite sharp and clearly at 249 °C. The higher loading of 
TPD-H could increase the likelihood of forming strong hydrogen bonding link between 
polymer chains, consequently raising both the melt and crystallisation temperature.  
 
Figure 5.9. IR spectra of drop cast films and deprotected films of a) PCPDT-TPD-C8, b) PCPDT-
TPD-Boc20%, c) PCPDT-TPD-Boc40% 
To further confirm that the Boc leaving group does indeed deprotect upon heating, IR 
spectroscopy was performed on thin films. Initial attempts at measurement using spin coated 
films in combination with ATR FTIR were unsuccessful due to very weak signals and thus a 
poor signal to noise ratio. We believed this was due to the relatively small amounts of 
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material present in the spin coated films (typical thickness < 100 nm). Because of this, thicker 
drop cast films were made from chloroform in order to probe the IR spectrum of the film 
after deprotection. The films were all heat treated in an identical manner, with only 5 minutes 
at 260 °C in an argon environment. As can be seen in figure 5.9, all three as drop casted co-
polymers show sharp peaks at 1738 and 1700 cm
-1
 before annealing. However, both PCPDT-
TPD-Boc20% and PCPDT-TPD-Boc40% exhibited an additional peak at 1783 cm
-1
 compared to 
PCPDT-TPD-C8, which was related to Boc as discussed earlier. Again the 40% incorporation 
shows a more intense peak than the 20% polymer at 1783 cm
-1
, which is to be expected from 
the varying quantities of TPD-Boc relative to TPD-C8. After thermal treatment, all drop 
casted films retained peaks at 1738 and 1700 cm
-1
 but as a result of Boc deprotection the peak 
at 1783 cm
-1
 diminished and a new broad peak at 3260 cm
-1
 emerged. The peak at 3260 cm
-1
 
is associated with an N-H stretch, which would be expected after deprotection of TPD-Boc to 
TPD-H. With the removal of 1783 cm
-1
 and the rise of the peak at 3260 cm
-1
 it is clear that 
the deprotection of TPD-Boc has indeed occurred in the polymer film. 
5.2.3 Solubility and Intractability studies 
Like the crosslinkable polymers discussed in the previous chapter, intractability is a 
property which is favourable for many reasons related to multilayer processing and device 
design. From the TGA data shown earlier, full deprotection of the Boc group occurs at 
approximately 250 °C for both polymers. Intractability tests were performed using polymer 
thin films (made from a polymer:chloroform (5 mg/mL) solution) spin coated at 1000 rpm. 
As shown in figure 5.10, after heat treatment at 260 °C/5 min the films of PCPDT-TPD-
Boc20% and PCPDT-TPD-Boc40% became intractable to dichloromethane and chloroform. 
However, PCPDT-TPD-C8 remained soluble using the same parameters. For comparison 
sake, the non-annealed films were also tested and were all soluble as expected. 
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Figure 5.10. Intractability tests in chloroform solution top) as cast films, bottom) heat treated at 260 
°C/ 5 min under argon. In all cases films from left to right are PCPDT-TPD-C8, PCPDT-TPD-Boc20% 
and PCPDT-TPD-Boc40%. The images show the films being submerged into chloroform with the 
deprotected PCPDT-TPD-Boc20% and PCPDT-TPD-Boc40% displaying their solvent resistance in the 
bottom right image  
5.2.4 Optical and Electrochemical Properties 
The UV-Vis spectra were measured in solution (chloroform) and as spin coated thin 
films (from a 5 mg/mL solution at 1000 rpm). Comparing the solution to thin film spectra, 
shown in figure 5.11 a) and b), for all three polymers it is clear there is a red shift of 18 nm 
upon film formation, which can be explained by an increase in planarity and better 
intermolecular interactions in the solid phase. Both solution and film give a bimodal type 
spectrum and as discussed previously the longer wavelength maxima can usually be 
attributed to aggregation of the polymer in film and solution. There are subtle differences in 
the spectra of the three polymers despite their similar conjugated backbone. This is different 
from that previously observed for polymers containing crosslinkable side-chains, in which no 
changes were observed as discussed in previous chapters. Hence, the UV-Vis spectra of the 
PCPDT-TPD-Boc series of co-polymers show a progressive red-shift with increasing Boc 
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content for both of the main absorption peaks in solution and thin film (table 5.4). This is 
despite the reduction in molecular weight across the series. In addition there is a change in 
the relative intensity of the two peaks at approximately 600 and 650 nm as the Boc content 
changes, with a slight decrease in the intensity of the long wavelength absorption relative to 
the shorter absorption as Boc content increases. This is explainable by the difference in 
chemical structure and the position of attachment of Boc to the acceptor co-monomer. The 
tert-butoxycarbonyl group is electron withdrawing, relative to the octyl chain of the TPD-C8 
polymer, and therefore incorporation of more Boc would be expected to result in enhanced 
acceptor strength, and therefore a reduction of the band gap.  
 
Figure 5.11. UV-Vis spectra of PCPDT-TPD-C8, PCPDT-TPD-Boc20% and PCPDT-TPD-Boc40% co-
polymers in a) solution, b) thin film and c) thermally annealed at 300 °C/5min 
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Table 5.4. UV-Vis maxima and long wavelength onsets 
Polymer 
λmax (sol) 
(nm) 
λmax (film) 
(nm) 
λmax (TA)
b 
(nm) 
Egb (film) 
(nm, eV) 
Ega (TA)a 
(nm, eV) 
PCPDT-TPD-C8 601, 650 615, 668 609, 657 721, 1.72 719, 1.73 
PCPDT-TPD-Boc20% 605, 652 619, 671 603, 646 728, 1.70 716, 1.73 
PCPDT-TPD-Boc40% 610, 657 622, 674 599, 640 733, 1.69 713, 1.74 
a) TA = Thermal anneal at 300 °C/5 min  
b) Extrapolated from the optical absorption 
 
The deprotection of polymers was achieved by raising the temperature past the melt 
temperature (300 °C in all cases) for 5 minutes. From examination of the deprotected 
polymer spectra, shown in Figure 5.11c), it is clear that the trends previously observed are 
now reversed i.e. the polymer with the most Boc is now the most blue shifted. PCPDT-TPD-
Boc40% shows the greatest blue shift compared to the as cast films, followed by PCPDT-TPD-
Boc20% and a small shift is also seen in PCPDT-TPD-C8. This can be rationalised by the 
conversion of TPD-Boc to TPD-H (removal of the electron withdrawing Boc group). 
However, the blue shift in the non-Boc containing PCPDT-TPD-C8 cannot be related to the 
removal of the Boc group. We therefore believe this shift is related to morphological changes 
which occurred in the film following the melt and upon cooling on a bench. In addition the 
onset of absorption, which corresponds to the optical band gap, also follows the same trend 
described earlier for the spectra shifts seen in pristine film and melt.  
If we assume, as previously discussed, that the intensity of the long wavelength peak 
in comparison to the shorter wavelength peak is related to the degree of aggregation in the 
polymer, then the trend in aggregation is such that PCPDT-TPD-C8 > PCPDT-TPD-Boc20% > 
PCPDT-TPD-Boc40% for solution, thin film and thermally annealed (deprotected). This 
reduction in the degree of aggregation for all polymers, even after deprotection, is probably 
therefore not related to the steric effects of the Boc group, since it would be expected to 
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reduce after deprotection. We therefore believe this may be an influence of molecular weight, 
which decreases as the aggregation peak is reduced in relative intensity. 
Photo-electron spectroscopy in air was used to determine the polymer ionisation 
potential in polymer thin film on glass (table 5.5), which we assume to be equivalent to the 
polymeric HOMO level. The results show comparable ionisation potentials between the three 
co-polymers. Thermal deprotection results in observable change to the ionisation potential in 
all cases. The LUMO energy level was estimated from the HOMO and the optical band gap 
of each polymer film, however similarly there were no obvious trends. It seems that the 
presence of Boc has a restricted and small influence on the polymer energy levels. Due to the 
limitations of PESA and the subtle differences between PCPDT-TPD co-polymers further 
computational analysis was performed to help predict the trend on how these levels may 
fluctuate in relation to increase of Boc incorporation and deprotection. 
Table 5.5. Ionisation potentials (HOMO)determined by PESA of as cast and thermally annealed 
polymeric films 
Polymer 
IP (eV) 
as cast 
IP (eV) 
thermally 
annealeda 
LUMO (eV) 
as cast 
LUMO (eV) 
thermally 
annealeda 
PCPDT-TPD-C8 5.39 ± 0.05 5.38 ± 0.05 -3.67 ± 0.05 -3.65 ± 0.05 
PCPDT-TPD-Boc20% 5.37 ± 0.05 5.40 ± 0.05 -3.67 ± 0.05 -3.67 ± 0.05 
PCPDT-TPD-Boc40% 5.38 ± 0.05 5.35 ± 0.05 -3.69 ± 0.05 -3.61 ± 0.05 
a) Thermally annealed at 300 °C for 5 minutes 
 
In order to gain some further understanding of the influence of the Boc group, we 
performed quantum chemical time dependant density functional theory (DFT) calculations 
using Guassian 09 at the B3LYP/6-31G* level.
[29]
 An oligomer model of four repeating units 
(tetramer), as shown in figure 5.12 and figure 5.13, was used for ease of calculation along 
with the implementation of methyl groups over the full alkyl chains used in the actual 
polymer. Four separate models were performed using a 50% TPD-Boc/TPD-C1 and the 50% 
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TPD-H/TPD-C1 equivalent model as well as a 100% TPD-Boc/TPD-C1 and 100% TPD-
H/TPD-C1 model. These ratios again were chosen because of the ease of calculation, 20% 
and 40% were not examined due for the need to further extend the oligomer chain.  
 
 
Figure 5.12. Visualised frontier molecular orbitals of 50% Boc (top) and deprotected TPD-Boc 
(bottom) 
The first point of interest is that the geometry calculations show that in all cases the 
backbone adopts of fully co-planar geometry (in the gas phase). There is a slight preference 
for adjacent monomers to adopt an anti-configuration with respect to the single bond linking 
them, such that adjacent thiophenes are in a trans arrangement. The net result of this is that 
the oligomer has a notable backbone curvature, with all the pyrrolidone groups on one side of 
the polymer backbone. Such a curved backbone may not be optimal for charge transport 
applications, due to the reduced conjugated overlap with adjacent polymers compared to a 
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more linear backbone.
[30–32]
 There are no significant changes to backbone geometry upon 
removal of the Boc groups. Visualisation of the frontier molecular orbitals shows that in all 
cases the distributions of the HOMOs are nearly identical. Whereas on close inspection of the 
LUMO there is a small effect seen from the Boc group, with the LUMO frontier orbital very 
slightly delocalised over the carbonyl of the Boc group.  
 
 
Figure 5.13. Visualised frontier molecular orbitals of 100% Boc (top) and deprotected TPD-Boc 
(bottom) 
When the Boc is removed, some electron density is also removed from the TPD 
group. Although the differences between the LUMO delocalisation are hard to visualise, it is 
evident form calculating the relative HOMO and LUMO energies that the Boc group plays a 
significant electron withdrawing role. In both cases, with the Boc groups still attached it is 
166 
clear that this electron withdrawing ability helps to remove electron density away from the 
polymer resulting in a decreased HOMO and LUMO in both cases. The influence on the 
LUMO is larger than for the HOMO. It is also apparent from comparing the 50% deprotected 
polymer to the 100% deprotected polymer that an alkyl chain attached to the TPD group has a 
slight electron donating effect, compared to a hydrogen atom. The calculated band gaps show 
very good correlation to that seen in the UV-Vis spectra, with the removal of the Boc group 
resulting in a blue shift or increasing band gap. 
5.3 Conclusion 
One novel Boc co-monomer and two novel statistical Boc co-polymers have been 
successfully synthesised by Stille coupling, with the Boc group remaining intact during the 
polymerisation process. Successful deprotection of the co-monomer TPD-Boc occurs at 161 
°C, whereas polymeric PCPDT-TPD-Boc20% and PCPDT-TPD-Boc40% both occur at ~250 °C 
as measured by TGA. IR was used in order to characterise both the Boc inclusion within the 
polymers and also the rise of TPD-H upon deprotection. The DSC showed that an increase in 
TPD-Boc results in an increase in crystallisation temperatures with PCPDT-TPD-C8 < 
PCPDT-TPD-Boc20% < PCPDT-TPD-Boc40% (after thermal removal of the Boc) which has 
been attributed to increased hydrogen bonding. PCPDT-TPD-Boc20% and PCPDT-TPD-
Boc40% both performed as expected in their insolubility tests in chloroform upon deprotection 
at 260 °C whereas the PCPDT-TPD-C8 was still highly soluble and fully dissolved alongside 
the other two polymer films. 
The UV-Vis spectra showed a red shift upon increasing Boc quantity for both solution 
and thin film, which we attribute to the electron withdrawing nature of the Boc group. Upon 
thermal deprotection the spectra blue shift as a result of the removal of electron withdrawing 
Boc (TPD-Boc) and replacement with hydrogen (TPD-H). These results were verified with 
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quantum computation analysis using DFT. The band gap calculated from the calculated 
HOMOs and LUMOs correlated well with the observed from the UV-Vis spectra. 
Both PCPDT-TPD-Boc20% and PCPDT-TPD-Boc40% have been designed for use with 
OPV and OFET devices, and future work will investigate their device performance. 
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CHAPTER 6      
Conclusions 
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The results in this thesis have explored the implication of; subtle changes to acceptor 
co-monomer strength, photo and chemical initiated crosslinkers for OPV and thermal 
deprotection in semiconducting polymers. The synthesis of 16 different co-polymers was 
performed with the use of Stille cross-coupling based on either cyclopentadithiopene or 
dithienogermole as the donor co-monomer and altering the acceptor co-monomer. The 
polymers were characterised by a combination of 
1
H NMR, gel permeation chromatography 
against a polystyrene standard and infra-red spectroscopy. Once synthesised their optical and 
electrochemical properties were measured and calculated using UV-Vis, photoluminescence 
spectroscopy, photo-electron spectroscopy in air and time dependant computational density 
functional theory. Thermal properties were measured by differential scanning calorimetry and 
thermogravimetric analysis. 
The encouraging results from chapter three showed that even small changes to a 
polymers chemical structure can result in large differences in optical, electrochemical and 
OPV device performance. In particular, the change of one carbon atom in PDTG-BT to one 
nitrogen atom in PDTG-PT resulted in a 0.7% increase in PCE (PDTG-BT (4.5%) to PDTG-
PT (5.2%)) and a further increase to 6.6% in an inverted OPV device. Future work is focused 
on the testing of high regioregularity PDTG-PT with the aim to further improve upon the Jsc 
and FF for enhanced OPV performance. 
The functionalisation of both PCPDT-BTz with alkyl bromide and PDTG-TPD with 
alkyl bromide and alkyl oxetane showed promising results. The PCPDT-BTz co-polymer 
series was valuable in roughly assessing the percentage crosslinker incorporation as well as 
preliminary crosslinking studies in polymer thin film. Also the modification with alkyl 
bromide had resulted in an increased miscibility with PC60BM compared to PCPDT-BTz-C8 
as confirmed by AFM. The later use of TPD functionalised with either bromine or oxetane in 
PDTG-TPD, revealed no differences to the optical and electrochemical properties. Extensive 
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OPV optimisations were performed to optimise the requirements for crosslinking. The 
incorporation of 20% crosslinker showed increased efficiencies compared to the control 
polymer (PDTG-TPD-C8) of up to 2%. However, 100% incorporation of both bromide and 
oxetane crosslinkers had a negative impact to the Jsc, FF and PCE. We discovered that 
residual DIO within BHJs can cause damaging effects to the OPV performance upon 
exposure to 254 nm UV light. We also found that TFA could be used to initiate the CROP 
mechanism with little negative effect on OPV characteristics. The oxetane crosslinker looks 
to be promising, however our studies showed that crosslinking in a blend only retained the 
insoluble polymer upon washing. This suggests that the PC70BM is still able to freely diffuse 
after crosslinking. Future interesting work would involve oxetane functionalised PC70BM to 
increase the solvent resistance of the blend. The use of oxetane containing polymer in nano-
imprint lithography may also be interesting for the pursuit of well-structured 
polymers:fullerene blends. 
The final research chapter focused on the incorporation of Boc to PCPDT-TPD. 
PCPDT-TPD-Boc polymers were successfully synthesised in both 20% and 40% 
incorporation. The retention of TPD-Boc was verified using a combination of 
1
H NMR, 
ATR-IR spectroscopy which showed the evolution of an N-H stretch after deprotection and 
TGA where the calculated weight loss correlated precisely to the experimentally observed 
value. These polymers showed good solvent resistance upon deprotection. These materials 
would be ideal for OPV in multilayer solution processing because of its solvent resistance. 
Future work may require reducing the deprotection temperature by chemical catalysts and 
preliminary testing in OPV or OFET would be needed to understand what effect if any Boc 
has on device performance (before and after deprotection). 
These results have highlighted some key issues in the area of OPV. Overall it is clear 
that more work is needed in order to better understand how small changes to the polymer may 
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have an effect on the overriding properties in the desired function. Reactive functionality for 
OPV is indeed an interesting area for OPV research, though predicting the outcome of 
morphological properties of the BHJ and its effect on OPV still proves to a challenge.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The End  
